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VEECO BIOSCOPE™ Il: THE PERFORMANCE REVOLUTION FOR LIFE SCIENCE IMAGING

Yeeco brings a new level of resolution to your advanced light-microscope imaging studies. As the world leader in atomic force

microscopy, Veeco has now combined the power of AFM and light microscopy to create our BioScope || AFM, As shown above,
researchers at University of Pennsylvania’s Nano-Bio Interface Center have uncovered hidden structures in neuronal cells by
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B Scope |l clearly expands the extent and resolution of their findings, enabling

correlating AFM and Fluorescence data. The Bio
researchers to get results which were previously impossible. Learn how to put the power of Veeco's performance towork for

you at www.veeco.com/bioafm.
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SOCIOLOGY
The Increasing Dominance of Teams in Production of Knowledge
5. Wuchty, B. F. Jones, B. Uzzi
Teams of people are increasingly producing more of the research, and the
research they generate is more highly cited, in a wide variety of endeavors
from science Lo the arts,
10.1126/science. 11346099

MEUROSCIEMNCE
How the Brain Translates Money into Force: A Neuroimaging Study of
Subliminal Motivation
M. Pessiglione et al,
Promise of a reward, even when perceived only subliminally, engages a specific brain
region and thereby increases the effort put into a task.

10.1126/science. 1140459
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GEOPHYSICS

Pervasive Seismic Wave Reflectivity and Metasomatism of the Tonga

Mantle Wedge

Y. Zheng, T. Lay. M. B Flanagan, Q. Williams

Seismic imaging of a subduction zone reveals nine layers in the mantle overlying the

subducting slab, revealing a pattern of reactions produeced by ascending fluids.
10.1126/5cience. 1138074

GENETICS
A Common Variant in the FTO Gene Is Associated with Body Mass Index
and Predisposes to Childhood and Adult Obesity
T. M. Frayling et al.
A commaon varian of a gene that increases the risk of abesity by ~67 percent 15
consistently associated with body mass index in 13 studies involving over 38,000
subjects.
== News story p. 185

10.1126405c0ence. 1141634
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Response J. Sibert, J. Hampton, P. Kleiber, M. Maunder
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BOOKS ETAL

Useless Arithmetic Why Environmental Scientists
Can't Predict the Future O. H. Pilkey and L. Pilkey-Jarvis
reviewed by M. B. Beck

Orion
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Environmental Monitoring Network for India
P V. Sundareshwar et al.
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LIGHT Hits the Liver
G. K Honsson == Report p. 285

198

202
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Femtosecond Lasers for Molecular Measurements 207

R. P Luch! ==Reportp, 265

The Sources of a Lipid Conundrum

J. Chun > Report p. 295

Putting Order into Polymer Netwarks
P M. Budd == Report p. 268

As Tiny Worlds Turn
D. P Rubincam and §. J. Paddack
== Reports pp. 272 and 274

208
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A Positive Feedback with Negative Consequences 212

M. Lerdau

Retrospective: Frank Albert Cotton {1930-2007)
T. I Marks

214
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GEOLOGY

Comment on “Wetland Sedimentation from
Hurricanes Katrina and Rita"

T. E. Tarngvist et al.

[fell text at www screncemag.org/cgi‘coment/full/316/582 2201b

201

Response to Comment on “Wetland Sedimentation
from Hurricanes Katrina and Rita”

R. E. Turner, |. |. Baustian, E. M. Swenson, ]. 5. Spicer
Jull text ot wwii screncemag.org/cgifcomentfull 316/582 2201¢

BREVIA

ASTROPHYSICS

A Symmetric Bipolar Nebula Around MWC 922
P. G. Tuthill and |. P. Lloyd

The rectangular appearance of a stellar nebula may form because its
polar winds, which are mirfor images, are illuminated by young stars
in still surroundings.

RESEARCH ARTICLES

CHEMISTRY

Quantum Structure of the Intermolecular Proton Bond 249
J. R. Rascioli, L. R. McCunn, M. A. Johnson

Cold argon clusters and infrared spectroscopy reveal how the
vibrations of two bases, such as ammonia and water, influence

the behavior of a proton bound between them.

STRUCTURAL BIOLOGY
Structure of Fungal Fatty Acid Synthase and
Implications for lterative Substrate Shuttling
S. Jenni et al.
Fatty acid synthase comprises a biosynthetic pathway inwhich
two-carbon units are sequentially added to tethered fatty acid
chains by reactions at each of four catalytic sites.

== Report p. 288
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MATERIALS SCIENCE

Plastic and Moldable Metals by Self-Assembly of 261
Sticky Nanoparticle Aggregates

R. Klajn et al.

In a process similar to farming ceramics, metal nanaparticles coated
with dithigl ligands can be shaped into objects and thermally
annealed to create a porous, hardened material,

Mowe clnrd n 1T
= News stony p, 18;

CHEMISTRY

Optimizing the Laser-Pulse Configuration for 265
Coherent Raman Spectroscopy

D. Pestov et al.

Fluctuating background contributions to Raman spectra are
minimized with shaped probe pulses, allowing detection and
analysis of samples such as bacterial spores,

y i A
== Perspective p. 207

CHEMISTRY

Designed Synthesis of 3D Covalent Organic 268
Frameworks

H. M. El-Kaderi el al.

Organic molecular building blocks can be condensed into covalently
bound crystalline solids with low density and high porosity, surface
area, and thermal stability. == Perspective p. 210

PLANETARY SCIENCE

Direct Detection of the Asteroidal YORP Effect 272
5 C Lowry el al.

Optical and radar observations of a near-Earth asteroid show

that the radiation pressure from impacting sunhght 15 slowing

its rotation, as predicted. == Perspective p. 211
PLAMNETARY SCIENCE
Spin Rate of Asteroid (54509) 2000 PH5S 274

Increasing Due to the YORP Effect

P. A Taylor et al.

Slowing of near-Earth asteroid (54509) 2000 PHS is as expected for
solar thermal torques as predicted by the YORP effect.
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PALEONTOLOGY
Analyses of Soft Tissue from Tyrannosaurus rex 277

Suggest the Presence of Protein
M. H. Schweitzer et al,

Protein Sequences from Mastodon and 280

J. M. Asara et al.

Mass spectroscopy reveals the protein sequence of collagen preserved
in a fyrannosaurus rex lossil, demonstrating that biochemical data
can be oblained from long-extinct species.

MEDICINE

Lymphotoxin [3 Receptor—-Dependent Control of 285
Lipid Homeostasis

J Cloetal

Lipid levels in the blood, which are deregulated in atherosclerosis,
are in part controlled by immune cells in the liver, suggesting a
therapeutic target. == Perspective p. 206

BIOCHEMISTRY

Structural Basis for Substrate Delivery by Acyl 288
Carrier Protein in the Yeast Fatty Acid Synthase

M. Letbundgut, 5. Jenm, C. Frick, N. Ban

Two flexible linkers allow a carrier protein to bounce from one
calal'grtlc site to the next as famr acids are synthesized.

= Research Article p. 254

STRUCTURAL BIOLOGY

Structural Insight into Pre-B Cell Receptor Function 297
A, . Bankovich et al.

The structure of receptors on developing immune cells may explain
how the cells acquire specificity for certain antigens and indicate that
signaling occurs by oligomerization.

IMMUNOLOGY

Promotion of Lymphocyte Egress into Blood and 295
Lymph by Distinct Sources of Sphingosine-1-Phosphate

R. Pappu et al.

Immune cells move into the bleodstream in response to a lipid signal
made in red blood cells and move into the lymphatic system when the
same signal is made elsewhere. == Perspective p. 208
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Real Time PCR
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One Step SYBR® PrimeScript™ RT-PCR Kit (Perfect Real Time)
provides simple, accurate and quick performance for real time
PCR. It contains PrimeScript™ RTase for efficient cDNA synthesis
of any RNA lemplate, having excellent elongation through higher-order
structures. A two step reaction can be performed using PrimeScript™
RT reagent kit with SYBR® Premix Ex Tag™ (Perfect Real Time).

Features:

= High Sensitivity: Target quantification from Picogram of
total RNA.

« Accurate Quantification: Over 5-6 orders of magnitude using
lotal RNA as a template.

An Excellent Linear
Standard Curve using
the One Step SYBR®
PrimeSeript™ RT-
PCR Kit (Perfect

Real Time).

# Simple and Quick Reaction Assembly: Premix formulations
save time and minimize possibility of contamination.

= Versatile: Use on any real time PCR instrument. Supplied with
ROX reference dyes.

= High specificity: Optimized bufter and Ex Tag™ HS minimize
non-specific amplification and primer-dimer formation.

One step or Two Step RT-PCR kits for TagMan®
Probe Detection are also available.

The One Step SYBR® PrimeScript™ RT-PCR Kit (Perfect Real Time) was used PrimeScript™ and Ex Tag™ are trademarks of Takara Bio Inc. Taghian® is a registered trademark of Roche
to detect rat Rplp2 transcript from 6.4 pg to 100 ng total ANA. An excellent Modecular Systems. Purchats of this product includes an immunity from suit nder patarts specified in the
e Es g 2 . product Insadt to use only the amount purchased foe the purchaser's own bnternal research, No other
amplification curve and a single peak on the melting curve show superior patent Fights (such as 5 Nuckease Procass patent rights) are conveyed expressly, by implication, or by
efficiency, specific amplification and accurate quantification. esioppel. Further information on purchasing licenses may be obtained by contacting the Director of

Licensing, Applied Biosystems, 850 Lincoln Centre Drive, Foster City, California 4404, LISA *
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Reflections of Absolute Zero
Researchers freeze a small mirror to within one degree
of witnessing quantum effects.

Forest Elephants on a Road to Ruin
Poachers use logging roads to pursue the endangered
animals.

Look Qut for Alien Lasers
Astronomers are trying 1o see light from extraterrestrials
using gamma-ray telescopes.

Impact on American postdoc pay.

SCIENCE CAREERS

www.sciencecareers.org CAREER RESOURCES FOR SCIENTISTS

US: Huddled Masses

B. Benderly

The large influx of international postdocs may not be good
for the incomes of America's young scientists.

GLOBAL: Mastering Your Ph.D.—5cience Papers That Shine
B Gosling and B. Noordam

Part of being a good scientist is being able Lo write up your results
in clear and simple terms.

Neurite outgrowth of PC12 cells. US: Opportunities—A Day in the Life, Part 2
B Fiske
SCIENCE'SSTKE It pays to work hard to find people who can help you.

US: Negotiating—Please Sir, Can | Have Some More?
¥ Mahan-Ram
An article fram the archives offers advice on negotiating a job offer.

www.stke.org SIGNAL TRANSDUCTION KNOWLEDGE ENVIRONMENT

PERSPECTIVE: Regulation of PC12 Cell Differentiation
by cAMP Signaling to ERK Independent of PKA—Dao All
the Connections Add Up?

M. |. Gerdin and L E. Eiden

The exact protein kinase A-independent path that is invelved
in neurite formation in PC12 cells remains elusive,

FORUM: Response to "Can Mesoscopic Models Test

Spatial Mechanisms of Cell Signaling?”
U. Bhalla

Simulation methods and available data encourage optimism
about madeling spatiotempaoral signaling in and under the
membrane,

SCIENCEONLINE FEATURE

POSTER: The Macaque Genome

An interactive version of the pullout poster
in this ssue.
www.sciencemag.org/saext/macogqueposter/

Separate individual or institutional subscriptions to these products may be required for full-text access.
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in a word, fast.

Phusion™ High-Fidelity DNA Polymerase from New England Biolabs

EXTREME PRECISION WITH UNPARALLELED SPEED AND ROBUSTNESS

Pﬂm# mdilﬁu Phusion
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Proton Tug-of-War

In acidic aqueous solutions, protons are shared
and shuttled by the solvent molecules or dis-
solved bases, as opposed to moving about as
free H* ions. Probing such structures is chal-
lenging, however, because the many energetic
configurations that form at ambient tempera
ture lead to very broad spectral bands. Rosci-
oli et al. (p. 249) have used gas-phase argon
clusters to isolate and probe the vibrations of
complexes in which a proton bridges two mole-
cules of widely varying basicity, ranging from
water and ammonia to alcohols, ethers, and
noble gases. The infrared spectra of these cold
complexes show sharp absorption bands that
clarify how the proton affinities and skeletal
vibrations of the flanking bases impact the
motion of the H* ion confined between them.

All-Organic Frameworks in
Three Dimensions

Numerous metal-organic framework com-
pounds have been reported in which high sur-
face areas are achieved by the metal centers
directing the assembly of linking organic
groups. El-Kaderi et al. (p. 268; see the Per-
spective by Budd) now report the synthesis and
structural characterization of high-surface-
area, covalent organic frameworks through the
condensation of subunits that can form four
bonds tetrahedrally with another type of sub-

www.sciencemag.org SCIENCE VOL 314

unit that can form three bonds triangularly.
After targel networks were chosen, malecular
design programs were used to optimize the
choice of subunits. The strong covalent bonds
in the framework (C-C, (-0, (-B, and B—0)
lead to high thermal stability (400° to 500°C),
and the use of only light atoms leads to low
densities (0,17 grams per cubic centimeter),

Nanoparticles Take Shape

Ceramics are often made from "greenwares,” in
which aggregates of small colloidal particles
are molded or shaped before thermal reactions

remove solvent and bond the particles
together. Klajn et al. (p. 261) show that metal
nanoparticles (NPs) can be similarly molded
into macroscopic objects. The metal NPs are
coated with a surfactant that can undergo
ultraviolet-induced isomerization from a trans

-

EDITED BY STELLA HURTLEY AND PHIL SZUROMI
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<< A Double-Tethered Switchblade

Fatty acids, which are comprised mainly of long hydrocarbon chains
and serve essential structural and energetic functions in cells, are
synthesized by adding two-carbon building blocks to a starter unit.
Each of the additions involves a series of four reactions; for exam-
ple, synthesis of a palmitate chain requires cycling seven times
through this set of four catalytic sites. Jenni et al. (p. 254) and
Leibundgut et al. (p. 288) describe the crystal structures of
the fatty acid synthase complexes from the fungus Ther-
momyces lanuginosus and the yeast Saccharomyces cere-
visige. For the fungal enzyme, a complete mapping of the
catalytic domains within the two-chambered heterodode-
cameric (a b,) complex is provided. The yeast data reveals
the cyclical path taken by the acyl carrier protein (ACF)
domain to which the nascent fatty acid is attached. The
ACP moiety is tethered to the wall and to the floor of
the chamber, which constrains its movements as it
visits the nearby four catalytic sites. Upon arrival,
it unfolds the growing acyl chain like a switchblade,

to cis configuration. The higher dipole of the
tis form causes the NPs lo aggregalte into
larger “superspheres” 50 to 300 nanometers in
diameter. These superspheres adhere to each
other and allow formation of shapes and coat-
ing of objects (such as small figurines). Subse-
quent annealing creates hardened polycrys-
talline porous materials that can be made from
either single or mixed metal NPs.

Raman Probes Shape Up

Raman spectroscopy can provide a wealth of
information about molecular vibrations and
provide fingerprint signatures for identification,
but even when signal strength is boosted by
coherently exciting the vibrations with laser
pulses, a fuctuating background signal hinders
many practical applications in sensing. Pestov
et al. (p. 265; see the Perspective by Lucht)
now describe a method in which a probe
pulse is delayed and has its shape opti
mized so to minimize the nonresonant
background contributions. The authors
apply this method to the detection of picoli-
nates, the characteristic component of bacter-
ial spares such as anthrax.

A Light Touch for Spin

Differences in the pressure of warm sunlight
being reflected and re-radiated from the surface
Continued on poge 171
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Figure 1: Obtain linear quantification over 10*-fold

of input RNA. Panel A: Analysis on the LightCycler®

Instrument, Panel B: Analysis on Applied Biosystems 7900

Fast Real-Time PCR System.

LG HTCYELER is = trademark of flache. The iechnobogy used for the LightCyckes® instnsment
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Astonishing Results

Are you confident that the results of your gRT-PCR experiments
accurately reflect gene expression levels in vour samples? Or is your
reverse transcriptase distorting your results?

Don't leave vour research to chance. Choose the Transcriptor First

Strand cDNA Synthesis Kit to obtain more accurate and sensitive
two-step qRT-PCR results on any real-time PCR instrument.

® Simultaneously reverse transcribe rare and abundant RNA —
without altering gene expression levels.

= Power through all kinds of RNA templates — cllcctively reverse
transcribe normal and GC-rich RNAs at 55°C.

® Simplify data interpretation — generate high fluorescence intensities,
well-shaped curves, and expected C distances (Figure 1),

Try the Transcriptor First Strand ¢cDNA Synthesis Kit and generate

more accurate gene expression data. Visit www.roche-applied-
science.com or contact your local representative today!
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This Week in Science

Continued from page 169

of an asteroid during its orbil can change how it spins. This process, called the Yarkovsky-0'Keefe-
Radzievskii-Paddack (YORP) effect, has been predicted butl not seen directly. Two reports describe the
detection of the YORP effect acting on the near-Earth asteroid 54509 (2000 PHS); see the Perspective
by Rubincam and Paddack. Lowry et al. (p. 272, published online 8 March) monitored the reflected
optical light from the asteroid to show how the spin rate of the asteroid is decreasing. Taylor et al.
{p. 274, published online 8 March) have mapped the asteroid’s shape using radar observations to
show that this slowing is precisely as predicted by the YORP effec.

Ancient Collagen Signatures

Soft tissues have been thought to be rarely if ever preserved in the fossil record, aside from some
samples entombed in amber or for a few million years inice. Recently, a femur of a Tyrannosaurus rex
dating to about 67 million years ago was recovered that seemed to preserve internal soft tissues,
including blood vessels within its bone. Schweitzer et al. (p. 277) and Asara et al. (p. 280) have fur-
ther analyzed these tissues, as well as samples from a mastodon, and show that original collagen pro-
teins were preserved. Mass spectromelry was used to recover at least some of the original collagen
sequence. Thus, aspects of genetic information can be obtained from select samples of extinct species
preserved for tens of millions of years,

Spotlight on the
Pre—B Cell Receptor

The pre-B cell receptor (pre-BCR), comprising a heavy
chain and a heterodimeric surrogate light chain (5LC),
a signaling complex that acts as a checkpoint in B cell
development, Bankovich et al. (p. 291} report the
structure of a pre-BCR Fab-like fragment at 2.7
angstrom resolution. The structure shows how the
requirement for pairing with the SLC might con-

strain the repertoire of heavy chains in the mature
antibody population. The crystal structure, logether
with electron microscopy data and biochemical analysis, supports a model of antigen-independent,
SLC-mediated dimerization of the pre-BCR to promote pre-B cell activation and expansion.

Making LIGHT of Lipid Metabolism

Atherosclerosis results from a combination of lipid dysregulation and inflammation-mediated path-
ology of the vasculature, Lo et al. (p. 285; see the Perspective by Hansson) show that increased
expression of related members of the tumor necrosis factor family of inflammatory cytokines, LIGHT
and lymphotoxin (LT), on T cells can elevalte circulating blood cholesteral and triglycerides in mice.
This effect appeared to be mediated via lymphotoxin [3 receptor (LTBR) signaling in hepatocytes, lead-
ing to a drop in the activity of hepatic lipase, an enzyme central to lipid metabolism, The normally
high lipid levels found in mice that lack the low-density lipoprotein receptor gene were reduced when
LT(R signaling was inhibited. These results raise queslions about how the immune system detects and
subsequently exacerbates dyslipidemia, and whether this process makes any direct contribution to
atherosclerosis in humans.

Double Source for S1P

Sphingosine-1-phosphate (S1P) is a circulating lipid mediator that induces the egress of lymphocytes
from lymphoid organs. The immunomodulatory effects of S1P are made apparent by the absence of
circulating lymphocytes in mice that are unable to support its production and by the encouraging
results of clinical trials aimed al targeting this pathway to suppress transplant rejection and autoim-
munity. Pappu et al. (p. 295, published online 15 March; see the Perspective by Chun) use a combi-
nation of conditional gene deletion and bone marrow chimerism o illuminate two sources of S1P in
the blood and lymphatic circulation. By sustaining S1P levels outside the lymphoid organs, these sup-
plies allow lymphocytes to follow a gradient between the lymphoid tissue—where S1P is catabolized
to low levels—and the two circulatory systems. This insight may help refine approaches of immune
suppression and activation via the S1P pathway.
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&/ Peptides
Antimicrobial peptides are
important members of the
host defense system. They
have functions in inflamma-
tion, wound repair and

regulation of the adaptive
immune system.

Cell Sciences offers the
following peptides, antibod-
ieg and ELISA kits. Check
our website for newly added
products. Secure commerce
& daily shipping worldwide.

Alpha-Defensin 1-3
Apidaecin
Bactericide (Gram-negative)
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Histatin-5

Histatin-8

Indolicidin
Lactoferrin

LBP

LL-37

Lysozyme

Magainin |

Mannose Receptor
Melittin

MPO
MRP-8/MRP-14
Neutroph Defensin 1-3
MNeutroph Defensin 5
Ovispirin (OV-1)
Ovispirin (OW-2)
Polymyxin B
Proteinase 3 (PR3)
S100A8/A9

SAAP

SLPI

SMAPZ29

TiR1

TiR2

cell sciences®

480 Neponset St, Bidg. 12A
Canton, MA 02021
TEL (781) 8280610

EMAIL info@cellsciences.com
Toll free (888) 769-1246
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Moving the Primate Debate Forward

IN THE UNITED KINGDOM, PUBLIC CONCERN ABOUT THE USE OF ANIMALS FOR
research has a long and checkered history. In 1875, Charles Dodgson, better known by his
pseudonym Lewis Carroll as the author of Alice 5 Advennures in Wonderland, wrote a fierce
polemic on vivisection in an attempt to prevent the establishment of a physiology department at
Oxford University. The activities of animal rights movements have since reached new dimensions,
ranging from threatening mail and personal violence to letier bombs and worse, Nevertheless,
opinion polls show that the majority of the UK public accepts the need to use ammals for
medical research. What they are less happy about is the use of primates, particularly for what 1s
perceived as curiosity-driven research rather than work with a medical objective, The debate on
this topic is likely 1o remain highly controversial in the United Kingdom, but a recent report™® by
an independent group of scientists and nonscientists outside the primate research community
attempis to provide a better-informed basis for this debate through an in-depth analysis of the
scientific reasons for research on monkeys. Most importan, it calls for a
national strategic plan for nonhuman primate research. The sponsors of
the report—the Roval Society, Medical Research Council, Wellcome
Trust, and Academy of Medical Sciences—are expected to respond to
the report’s recommendations by June 2007,

Because no great apes have been used for research in the United
Kingdom since 1986, the report deals mainly with the use of monkeys
in basie or applied research. making the case that modern biomedical
research encompasses a continuum between them. [t focuses on the
neurosciences and on communicable discases, particularly the develop-
ment of vaceines for HIV/AIDS, wberculosis, and malaria. For each
case, global health importance and approaches that could be taken to
avoid the use ofanimals are examined in detail. Other research areas are
considered briefly, as well as ethics, animal welfare, drug discovery, and
toxicology. The current status of alternatives to animal use is also reviewed. ranging from
molecular, cellular, and noninvasive approaches for studying the nervous system, to stem cell
biology and pharmaco-metabonomic phenotyping.

The report concludes that in some cases there is a valid scienufic argument for the continued
use of monkeys. Although the amount of biomedical research done in the United Kingdom has
almost doubled over the past 10 vears, the number of monkeys used has remained relatively
constant, indicating that altemative research venues are being pursued. However, because of the
speed of development in the biomedical sciences and the increasing availability of alternatives o
amimal use, no blanket decisions can be made. Rather, each case must be considered mdividually,
supported by a fully informed assessment of the importance of the work and of approaches that
do not require animals, To this end. the national strategic plan for primate research called for by
the report includes the regular dissemination of information about alternative methods and
the ereation of centers of excellence. both for the better care of animals and for the training of
scientists. The plan also emphasizes openness by journals in disclosing the suffering caused to
animals and calls for regular publication of the outcomes of primate research and toxicology
studies by funding bodies and the pharmaceutical indusiry.

Cwver recent years, the UK government has taken steps o protect scientists and others who
are involved in animal research. We hope that it will now join forces with the sponsors of this
report to activate its recommendations, The public debate on nonhuman primate research needs
to move forward on the basis of sound scientific reasons, The increasing study of biology and
disease at the cellular and molecular levels, supported by small-animal models, will probably
reduce the requirement for primates in research. However, we do not currently know the most
effective approach in some vital areas. Thus, it would be extremely unwise to rule out primate
use for the foreseeable future,

— David Weatherall and Helen Munn

10,11 26/science, 1142606

*The Use of Non-Human Primates in Research (www.acmedsci.ac.ukfimages/projectmhpdownl.pdf).
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EDITED BY GILBERT CHIN AND JAKE YESTON

GEOLOGY

Very Slow Growth

Gypsum [Ca(S0,)-2H,0] forms some of the largest natural single crystals on
Earth {aside from the speculative iron crystals in the inner core), in some
cases reaching 10 min length. The growth of such sizable crystals requires
precise maintenance of specific environmental conditions.

Garcia-Ruiz et al. have investigated the giant gypsum crystals in deep
caves of the Naica mine in Mexico, which has been the source of several
museum specimens. Analyses of fluid inclusions, trapped sequentially in the
crystals as they grew in caverns nearly 300 m below the surface, show that
the temperature in the large fluid-filled caves was maintained near 54°C for
thousands of years at least—the mineralization in the mine began about 25
million years ago—and the deep water there is still close to this temperature
today. This temperature is just below the maximal solubility point for gypsum
in low-salinity water and also slightly below the thermodynamic stability
range of anhydrite (a polymorph of gypsum), which had formed previously.
Thus, the dissolution of anhydrite maintained a slight supersaturation of
gypsum in the fluid, and a temperature close to the equilibrium allowed the
formation of only a few crystal nuclei in the deep large cavities. Shallower,

cooler cavities have produced multiple smaller crystals. — BH

APPLIED PHYSICS

A Peek Inside

The semiconductor industry routinely fabricates
device structures with feature sizes smaller than
100 nm. With millions of components crowded
anto each chip and complex circuitry arrayed in
three dimensions, methods to test the structures
for defects— preferably nondestructively and
with high throughput—~become challenging.
Techniques for imaging the subsurface structures
tend to face a tradeoff between resolution and
contrast. The probe light must have a relatively
long wavelength (usually in the infrared) in order
lo penetrate through several millimeters of sili-
con in the wafer and be absorbed by the active
layers of the device; however, this wavelength
requirement has generally restricted lateral reso
lution. Ramsay el al. combine immersion lens
imaging with two-photon absorption microscopy
to improve both the lateral resolution and the
absorption contrast, thereby providing a tech-
nigue for the high-resolution three-dimensional
imaging of the subsurface structures in silicon
chip circuitry, — IS0

Appl. Phys. Lert. 90, 131101 (2007).

BIOCHEMISTRY
A Nanomembrane

The technical difficulties of working with mem-
brane proteins, which sport extensive hydrophobic
and hydrophilic surfaces (not to mention a hetero

13 APRIL 2007 WOL 316 SCIENCE

Geology 35, 327 (2007).

geneous collection of altached sugars), are
malched only by the ease with which cells manage
to handle them. In bacteria, the trimeric complex
SecYEG accepts substrate proteins made in the
cytoplasm and either passes them through the
inner membrane to the periplasmic space or
ejects them laterally straight into the inner mem-

SecY (red) in a lipid (yellow)/protein {red) matrix.

brane itself (how outer membrane proteins are
dealt with is a whole other story). Some of the
substrates are delivered by the cytosolic motar
protein Sech, but the amphiphilic character of the
protein translocation machinery has made it hard
to probe the structural state of functional SecA-
SecYEG interactions. Alami et al. have reconsti-

Gypsum
megacrystals.

tuted SecYEG monomers into a membrane-like
lipidiprotein construct, referred to as a nanodisc;
adding dimeric SecA to these nanodiscs resulls in
dissociation of the dimers and binding of
manomeric Sech to SecYEG and the consequent
stimulation of SecA ATPase activity, — G]C

EMBQ ] 26, 10.1038/5).emboj. 7601661 (2007).

MATERIALS SCIENCE
Approaching the Ideal

Frenkel predicted 80 years ago that the ideal
strength of a metal should be 15 of its shear
modulus, but in most metals the actual strength
ratio is closer to /1000 because of the motion of
dislocations at much lower stresses. Li et af. use
computational methads in an effort to under
stand the behavior of a family of body-centered
cubic {bee) Ti-Nb-based alloys known as Gum
Metals. These alloys have the unusual property of
sustaining very large elastic deformations before
yielding, as well as substantial plastic deforma
tion before failing. The authors argue that for this
behavior to occur, the ideal strength must be
below a stress at which the material would
deform by ordinary dislocations, and that the
material must always fail by shear rather than
cleavage fracture, Using ab initio calculations to
determine the elastic properties of related Ti-V
alloys, they find that at a ratio of valence elec
trons to atoms close to the Gum Metal value, the
bce lattice becomes unstable; thus, the Gum Met
als intrinsically have a low ideal strength and

wWww.sciencemag.orng
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CREDIT: SHIFITSIM ET AL, CANCER CELL 11, 259 (7007)

tend to fail in shear even when pulled in tension.
Further, at values close Lo this transition, iLis pos-
sible to introduce sufficient obstacles for disloca-
tion motion through the addition of extra alloy
elements without complele loss of ideal strength.
The authors believe that similar computations
could identify useful alloys that exist close to this
edge of boe stability. — MSL

Phys. Rev. Lett. 98, 105503 (2007).

BIOMEDICINE
Looking for Cancer Stem Cells

The intense interest in stem cell research has
helped to revive the cancer stem cell hypothesis,
which postulates that tumor cell growth is driven
by a small population of malignant cells that have
the ability to self-renew and to differentiate—a
capacity that is shared with normal tissue stem
cells. The idea is attractive because it suggests
that drugs could be designed to target cancer
stem cells selectively, if and when these cells are
identified. Although the stem cell origin of
leukemias is now widely acknowledged, the role of
stem cells in solid tumors has been more con-
tentious. Shipitsin ef al. performed a comprehen-
sive molecular characterization of two classes of
cells purified from human breast cancer: one class

A network of genes up-regulated in normal
(blue) or cancer (red) CD44* cells.

expressed a cell surface marker (CD44) previously
associated with high tumorigenicity and stem
cell-like properties, and the second class
expressed a marker (CD24) previously associated
with low lumorigenicity and a more differentiated
state. The COA4* breast cancer cells were found to
express many genes in common with progenitor
cells in normal breast tissue, and the abundance
of these cells in the tumor appeared Lo correlale
with decreased patient survival. However, the
CDA4* and CD24* cells within individual breasl
tumors showed genelic differences, a finding that
does nol fit neatly with the simplest version of the
cancer stem cell hypothesis. An alternative model
is that many cancer cells retain the capacily to
adapt to changing conditions, whether this means
reverting to a more primitive, stemlike state or
evolving into a more differentiated state. — PAK
Cancer Celf 11, 259 (2007).
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MICROBIOLOGY
A High-Fiber Diet

In the race to replace fossil fuels with biofuels,
microbial fermentation may become a key tech-
nology. However, microbes can do only so much
and balk when their food contains too much
lignin. This is not uncommon because the fibrous
tangle of lignin and cellulose, called lignocellu-
lose but better known as wood, is ubiquitous. To
add 1o the prablem, the engymatic breakdown of
cellulose is not as rapid as the enzymatic break-
down of starches. Jefiries ef al. present the
genome sequence of the yeast Pichia stipitis
Pignal, which can digest lignocellulose and can
transform xylose, a component of lignocellulose,
into ethanol. The yeast sequenced was isolated
from insect larvae and is related to yeasts found
in the gut of beetles that frequent rotting wood.
The 15.4-Mb genome is divided into eight chro-
mosomes and includes 5841 predicted genes,
including a group of cellulases and xylanases
and a number of genes encoding putative xylose
transporters, Further analysis showed which
genes inwhich metabolic pathways respond to
cthanges in xylose, glucose, or oxygen. Unlike
Saccharomyces cerevisige, which regulates fer-
mentation according to glucose availability,
P stipitis requlates fermentation according lo
oxygen levels, which is reflected in how the
genes respond Lo oxygen. — PJH

Nat. Biotechnol. 25, 319 (2007).

GENETICS
Networking with Your Peers

Phenotypes embody genotypes, but identifying
the steps from coding region to phenotypic vari-
ant is not always straightforward because it can
often involve complex or multiple protein interac-
lions, or bath, These interactions can be decom-
posed into the direct regulation of genes through
protein-protein, protein-DNA, and DMA modifica-
tions such as methylalion and an indirec! regula-
tion that includes genetic interactions between
regulator genes. By creating strains of yeast car
rying single or double mutations in five transcrip-
tion factors known to affect filamentous growth
and examining their phenotypes and gene
expression profiles, Carter ef al, employed a sys-
lematic strategy for generating a model that
could be used to eslimate phenotypic variation
resulting from the mutation of a gene within a
network. As a resull of accounting for both direct
and indirect genetic effects, the authors were
able to predict the expression levels of the double
mutants on the basis of the single mutants, and
toinfer functional cross-influences between pre-
viously unidentified interactions, — LMZ

Mol Syst. Biol. 3, 10.1038/msb4100137 (2007).

Warming Island,

GREENLAND

Expedition

September 25—
October 6, 2007

This fall, join modern-day
cxplorer Dennis Schmitt as
he returns to East Greenlaned
and his discoverv—a finger-
shaped island in East Greenland
rrow named Warming Islaned —
totally unknown until it recently
r-mr*n.,r'u' frown heneath the
Greenland ice sheet. You will
be among the first to see this
spectacular istind—a compelling
indicator of the rapid speed of
global warming.

In Reykjavik, leelane, wi
will board the 50-passenger
expedition vessel, M/V Aleksey
Maryshev, .mu’:m.hhﬁwnt'mu.uh
Strait and Arctic Cirele to the
coast of East Greenland.

Blue whales feed in the rich
walters, and orcas (Killer whales),
white-beaked dolphins, and
many sea birds mav be seen.,

Visits will include Scoresbhy
Sundl, the longest [jord in the
waorld, and at Cape Hofmann
Halve we will look for musk
oxen. Remains of remote Inuit
villages will be of interest, as
will seals and other wildlife—all
against the stunning glaciers and
peaks of coastal Greenland. 11 is
an fdeal time 1o see the Aurora
Borealis. From 854,995 +air.

For a detailed brochure,

please call (800)252-4910

AAAS Travels

17050 Montebello Road
Cupertino, Calitornia 95014
Email: AASInfoshelchartex peditions.com
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Remarkably simple system.
Simply remarkable results.

The new StepOne” System makes it easy to get high-quality
real-time PCR results.

The StepOne System combines plug-and-play convenience with the uncompromising performance
that has made Applied Bwsystems the leader in real-time PCR. Whether you're a first-time user

or a real-time PCR exper, the StepOne system delivers the highest quality results using the full
range of TagMan® Gene Expression and SNP Genotyping assays. The system'’s software guides new
users through set up, operation and analysis, while also providing power and flexibility to meet the
expectations of even the most experienced users. The StepOne Real-Time PCR System is part of an
optimized system solution for reaktime PCR that includes software, reagents, and instrumentation—
all for a remarkably low price.

* Runs intuitive software that teachas you without tutoriais ar manuals * Preloaded and precalibrated to get vou up and running fast
+ Conhgured for PC-free or networked oparation + Small, space-saving footpnnt

+ Fast runs (<40 minutes] and standard rurs (<2 hours) with one block

To learn more about the StepUOne Real-Time PCR System or to view a software demonstration,
visit info.appliedbiosystems.com/stepone

Applied
Biggystems

NOMCE TO PURCHASER: Labal Licensn

The Seeplne” Real-Tmo PCA Systom m covoned by pabomts ownnd by Appile o Cot pofatss
et Terthor infadnatsn coddact Tho Dhiechor of Licehsang, Apghed Biosystoms, B50 Lexoln Contro [dive, Fost
g tracomarks ond Saepline (s o tradesmark of Appiera Corposation of its sulsahanes in the US and’of comain other coumnies Taghdan s & rogrteind tradomark of Roche Malstular Sysumes, lnc




GEICO could save you $500 a year on car insurance.

AAAS members could receive a special discount
on GEICO car insurance.

Visit geico.com for your free rate quote and be sure
to select AAAS when asked for your affiliation.

GEICO offers you:

Special member , :
« Qutstanding, 24-hour service

discount

To find out how much you could save, visit geico.com
or call 1-800-368-2734 today.

Axerage sa/ings information based on GEICO New Policyholder Sunvey data through August 2005

online or on the phone.
- Fast, fair claim handling.
» Guaranteed claim repairs at

GEICO-recommended shops.

GEICO.
geico.com

Discount amount varies in some states, Some discounts, coverages, payment plans, and features are nol availabie in all states or in all GEICO companies. One group discount applicable par policy.
Bovernmend Empioyees Insurance Co. » GEICO General Insurance Co. » GEICO Indemnity Co. « GEICO Cxsualty Co. Thess companies are subsidiares of Berkshine Hathavay Inc. GEICO acto Insurance |s not avadadle in Mass.

GEICO, Washington, DG 20076. © 2005 GEICO

HIGHY

The High Q Foundation is
establishing a new, early-stage
Discovery Initiative to provide
supportforcurrently untapped areas
of Huntington's disease research.
We are now accepting proposals for
proof of concept experiments that
may have relevance to identifying
novel therapeutic targets. More
information about the Discovery
Initiative can be found on our
website.

www.highgfoundaton.org/funding.html

COLLEGIATE

INVENTORS

G FETETN o me

M progeam of the Matiznal Imventces Hall of Fame® Faundation
In its 16th Year of Honoring Student Inventors

$120,000 in Prizes
to Students and their Advisors

The Collegiate Inventors Competition® is a national program
designed to recognize and encourage graduate and undergraduate
students in their quest to invent and develop new technologies and

scientific breakthroughs.

GRADUATE PRIZE cf $15,000 (ADVISOR PRIZE of $5,000)
MHDEHEH&WM’E PRIZE of $15,000 [ADVISOR PRIZE of $5,000)

ENTER NOW!

"iyﬁ'ﬂlﬂﬂﬂ GRAND PRIZE of 525,000 (ADVISOR PRIZE of $15,000)
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Picturing the Cell

In an early Drosophifa embryo, the
cell nuclei twirl and divide with
the impeccable synchrony of
dancers in a Hollywood musical.
A lengthwise cut through two
sperm tails shows mitechondria
lined up like kermels in an ear of com (below).
Those are a couple of the highlights from

this gallery hosted by the &merican Society for
Cell Biology in Bethesda, Maryland.

The videos and electron micrographs have all
been peer-reviewed to make sure they are scien-
tifically valuable. Included are descriptions of
whal they illustrate and how they were taken.
The gallery boasts a
slew of historic shots
fram society founders
such as the Romanian-
American scientist
George Palade, now
94, who shared a 1974
Mobel Prize for helping
to reveal the internal
structure and workings of the cell. Curator David
Ennist encourages other biologists to contribute
footage and images. >>

cellimages.asch.org

The Whales of Italy

It's been a good week for ltalian whales—the
ancient, fossilized kind, that is. First, researchers
discovered a 4-million-year-old whale skeleton
near Pisa. Then amateur paleontologists
unearthed the 10-meter-long skeleton of an
ancient whale under the vineyards of Castello
Banfi, some 55 kilometers from the coast of
Tuscany. Analysis of surrounding rocks by
Michelangelo Bisconti of the Museum of Natural
History of the Mediterranean in Livorno suggests
that the latest fossil (below) is about 5 million

14 dating confirms
the age, says
paleontologist
Lorenzo Rook of
the University of
Florence, the whale
“could cast light on
a still-mysterious
period” known

as Lhe Messinian
salinity crisis—& million years ago—when the
Mediterranean Sea largely dried up and then
reflooded as water poured back through the Strait
of Gibraltar. All of Tuscany was underwater wntil

WWW.SCIENCEMag. Ol C_F

years old. If carbon-
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RIDDLE OF [HE PYRAVID

A French architect says he has uncovered the secret to the construction of Egypl’s Great Pyramid
of Cheops 4500 years ago: Workers hauled the stones up an internal spiral ramp.

Jean-Piemre Houdin has been working on his insight for 8 years, and late last month in Paris,
he unveiled it along with a video made using new 3D-visualization software.

Houdin says the usual theories of how pyramids were constructed are impractical: A giant
ramp would use more stones than the pyramid itself, and a ramp spiraling up the oulside
would make it hard for engineers to get the geometry right. But a 2-meter-wide inner ramp
solves all the problems, he says. Corners of the pyramid would have been left open, allowing
workers to maneuver 2-ton blocks around them (see illustration). Houdin is negotiating with
Egyptian authorities to allow noninvasive testing of his idea using microgravimetry and
infrared and acoustic sensing,

The work was done in consultation with Egyptologist Robert Brier of the C. W. Post Campus of
Long Island University in Brookville, New York, who says, “it's a radical new theory, [but] almost
all the Egyptology experts say it should be tested.” At least one native Egyptian has reservations
about it, however: Farouk El-Baz, head of Boston University's Center for Remole Sensing, says,
"No engineer would ask workers in ancient Egypt” to haul stones up the dim inner ramps. “These
are peaple that live all their lives in the sun, and most are afraid of the dark.”

2.5 million years ago, when complex geologic
forces raised the Apennine mountains and
sgueezed the region out of the sea.

Racing With
The Turtles

Close to 95% of
leatherback turtles in the

To raise support for the critically endangered
beasts, several conservation organizations have
created The Great Turtle Race. From 16 through
29 April, 11 turtles will be tracked as they
migrate from their nesting areas in Costa Rica
Lo south of the Galapagos Islands off Ecuador.
The racers are eguipped with satellite tags so
their locations can be tracked online. The dala
will provide a nearly real-time, turtle’s-eye
perspective on the ocean, including

Pacific have disappeared in

the past 2 decades. The '
Costa Rica population has
decreased to fewer than 100,

SCIENCE VOL316
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measurements of water
temperature and depth.

To pick your turtle, visit
www.GreatTurtleRace.com.
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You could

Yes, it can happen to you:
If you're a young scientist making inroads in neurobiclogy
research, the next Eppendorf and Science Prize for

Meurobiclogy could be yours!

This annual research prize recognizes accomplishments
in neurcbiology research based on methods of molecular
and cell biclogy. The winner and finalists are selected by
a committee of independent scientists, chaired by the
Editor-in-Chief of Science. Past winners include

post-doctoral scholars and assistant professors.

To be eligible, you must be 35 years of age or younger.
If you're selected as this year's winner, you will receive
525,000, have your work published in the prestigious journal

Science and be invited to visit Eppendorf in Hamburg, Germany.

Get recognized!
Deadline for entries:

June 15, 2007

www.eppendorf.com/prize
www.eppendorfscienceprize.org

“I feel incredibly
honored to receive this
prestigious prize.”

i

2006 Winner
Doris Tsao, Ph.D.
Institute for Brain Research
University of Bremen
Gemany

a1

A

&: Science
PRIZE FOR
NEUROBIOLOGY

of Fperdon A5 Ths b be AAAS u g repemed baderars of e AAAG

BTIATNIC & HOY 2008
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AWARDS

INNOVATORS. Chemical-sensing polymers that
match a dog's ability to sniff out explosives are
keeping U.S. soldiers out of harm’s way—and
have won Massachusetts Institute of Technology
(MIT) chemist Timothy Swager (below) this
year's $500,000 Lemelson-MIT Prize.

The polymers, which change color when
they detect their molecular targets, are the
basis for bomb detectors made by an
Oklahoma company called Nomadics Inc.

LS. soldiers in lraq currently analyze people,
clothing, and automobiles using the detectors,
which are also part of
a robotic system for
prowling through
danger zones. They are
among the many con-
tributions that earned
Swager one of the
country’s richest prizes
tor inventors,

The program also
bestowed its first -

5100,000 prize for

sustainability on Dartmouth College chemical
engineer Lee Lynd. Over 3 decades, Lynd has
created a raft of technologies for turning
agricultural wastes and forest trimmings into
automotive fuel. He recently co-founded a
company, called Mascoma Corp., to commer-
cialize the technology.

MOVERS
TAKING OVER AT NIH. Two acting directors
have been named permanent chiefs of their
respective institutes at the National Institutes
of Health (NIH) in Bethesda, Maryland.
Griffin Rodgers, 52, will head the $1.8 bil-
lion National Institute of Diabetes and
Digestive and Kidney Diseases, where he has

Wiww. sCIENCEmag. org
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A CLEAN VICTORY. Kirsten Engel was in the shower when her husband, Scott Saleska,
cried out “We won! " after reading about the 2 April ruling by the U.S, Supreme Court that
greenhouse gases were pollutants under the Clean Air Act. The win was a very personal

. one for the University of Anzona, Tucson, faculty members.
T|'"| um phs Saleska, an ecologist, and Engel, an environmental law professor,

were key authors on a friend-of-the-court briel that argued in favor
of regulating greenhouse gases. After Engel linked up with other lawyers involved in the
suit. which was filed by a dozen states and other governmental entities against the
LS, Environmental Protection Agency (EPA), Saleska recruited scientists to help write
the brief. The document argued that cutting auto emissions would substantially mitigate

climate change. Justice John Paul Stevens cited it when the Supreme Court heard the
case last fall, and the 3-8 decision included lengthy references to climate research data

mentioned in the brief.

been acting director since Allen Spiegel left
last March. A molecular hematologist, Rodgers
has spent his career at NIH, where he helped
pioneer treatments for sickle cell anemia.

Hematologist Barbara Alving, 60, will direct
the $1.1 billion National Center for Research
Resources, which she has led in a temporary
capacity since 2005. Alving is a former deputy
director at the heart institute and head of the
Wamen's Health Initiative.

BIG SHOES. "Wanted: A world-renowned
researcher to advise the British Prime Minister
on all matters scientific. Knighthood almost
guaranteed for good service.” The British gov-
ernment has put out a job ad along those lines
now that Cambridge University chemist David
King, one of the most influential chief scien-
tific advisers in the United Kingdom in recent
years, is scheduled to finish his tenure.

King took up the reins in 2000 just before
an outbreak of foot-and-mouth disease struck
British farms. His advice on slaughtering
guidelines is thought to have had a major
impact on containing the disease. He con-
tributed to an energy-policy review that con-
troversially recommended a new generation
of nuclear power plants. And he's prabably
best known for proclaiming in 2004 that
“climate change is the most severe problem
we are facing today—more serious even than
the threat of terrorism.”

Parliamentarian lan Gibson, former chair
of the House of Commons’ Science and
Technology Committee, says King “knows his
science” and commends him for having
“stood up to the American government”
on climate change. King will step down by
the end of this year.

Got a tip for this page? E-mail people@aaas.org
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[ronically, Engel and Saleska met each other in 1987 while working at EPA. From
there. the pair entered academia. and they've collaborated on a few law review articles
since. “Science policy plaved a role in our coming together.” says Saleska.

Three Qs

John Mather wona Nobel Prize in physics
kast year for helping to explain the big bang.
MNow he’s taking on what some would say is
an even tougher job. Last week, Mather was
named chief scientist in NASA's science
office, with the goal of helping his boss,
Alan Stern, rescue an imperiled space sci-
ence program. Mather will split his time
between Goddard Space Flight Center in
Maryland and NASA headquarters.

0: Why would a Nobel laureate want
this job?

I didn’t need to add this to my résumé.
But we have an entire planet of people
complaining that NASA 15 not doing the
right thing. We need to show that we have
a good team and a good plan.

Q: What's your biggest challenge?
Understanding earth science. ['ve got
most of my information until now [from]
watching the Weather Channel and Al
Gore’s movie,

Q: Is your inclination to kill projects or
spread the pain?

My instinct is to spread the pain, but
experience says that is a bad idea. Then
everyone hurts and nothing gets done.

13 AFRIL 2007
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INTELLECTUAL PROPERTY

1&A with Japan's

ence adviser

U.S. Patent Office Casts Doubt on
Wisconsin Stem Cell Patents

Opponents of the stem cell patents held by
the Wisconsin Alumm Research Foundation
(WARF) were delighted last week when the
government issued a preliminary ruling
rejecting the patents. Critics have long
argued that they are far too broad. covering
technology that was already in use to derive
maouse stem cells and laying claims on all pri-
mate embryonic stem (ES) cells in the United
States regardless of where they may have
been derived. At the same time, patent
experts caution that it could take vears before
the matter is resolved.

The 2 April ruling by the LS. Patent and
Trademark Office (PTO) came inresponse o 2
“request” from two public interest groups for a
reexamination of three WARF patents
awarded in 1998, 2001, and 2006 ( Science,
21 July 2006, p. 281). The patents assen
rights over not anly the methodology for
cultivating primate ES cells but also,
controversially, the cells themselves
(ScienceNOW, 3 April. sciencenow,
sClencemag.org concontent ful | 2007/403/2),
Those claims affect the activities ofanyone in
the United States using human ES cells for
either research or commercial pur-
poses. The ruling throws into ques-
tion patents that reportedly have
earned WARF 53.5 million in
licensing lees over the past 5 vears.

But critics face long odds in
battling WARF. Grady Frenchick.
a patent lawyer in Madison, Wiscon-
sin, says the PTO initially rejects patents in
90% of reexamination requests, but only
12% of questioned patenis are ultimately
thrown out. The rest are affirmed in toto or
with some modifications. Nonetheless,
patent lawver Cathryn Campbell of San
Diego, California, says the WARF decision is
more thorough and detailed “than might usu-
ally be expected.” She also says each of the
three patent rejections was signed by a differ-
ent examiner, suggesting that the conclusions
are widely shared in the PTO,

“We re not deluding ourselves that thisisn’t
atough Fight.” sayvs WARF Managing Director
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Carl Gulbrandsen. If the PTO rules against
WARFE, WARF will go to the PTO Board of
Patent Appeals and Interferences. 1 that
doesn’t work, he says. its on to the Federal
Circuit Court of Appeals in Washington, D.C.
But preliminary as it 1s. many people are
gratified by the patent decision. “Nobody
wanted to do anything, but everybody seemed
very, very glad that we did,” says John

M. Simpson of the Foundation for Taxpayer
and Consumer Rights in Santa Monica, Cali-
tormia, which brought the request last July,
Most scientists doing basic stem cell
research in academie or government labs are
minimally restricted by WARF s current poli-
cies, which require them to pay only 5500 for

W A R F
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Road rage. The WARF patents have taken a toll on
stem cell researchers.

a batch of Wisconsin cells. But they object 1o
the red tape involved. “Every possible collab-
oration ... is slowed considerably by having
to negotiate the WARF Material Transfer
Agreements.” says George Daley of Harvard
Medical School in Boston, Massachusetts,
He says if the same rules were applied to
mouse cells, “our research would grind 10 a
halt.” Martin Pera of the University of South-
ern California in Los Angeles says that
WARFS grnip on “basic platform technology
critical to the future development™ of the

COMMERCIAL

— -

Plastic
metals

field is bound to impede progress.

For researchers working on commercial
applications, WARF makes life much more
difficult. WARF spokesperson Andrew Cohn
says Its “too complicated™ to explain their
rates, but Jonathan Auerbach of GlobalStem

Inc. m Rockville, Maryland. sayvs he's heard of

research licenses costing up to $300,000,
Auerbach says many companies have also
been put off by WARFS “reach-through™ pro-
visions, which call for royalties on any prod-
uet developed using the cells. He says his
company doesn’t have o deal with WARF
because it has chosen instead o use human
embryonal carcinoma cells and human
ES cells with abnormal karyotypes that
wouldn’t be covered by the patents, Mahendra
Rao of Invitrogen in Carlsbad, California, says
that his company—uwhich s currently negoti-
ating for a WARF license—and others have
established outposts outside the United States,
where the patents do not apply.

Robert Lanza of Advanced Cell Technol-

ogy in Worcester, Massachusetts, says his
company’s WARF license entails “a six-
Figure fee. plus an annual maintenance
charge.” On top of that, “whenever
a researcher asks us for some
ES cells—even ES lines we
derived ourselves—we are obli-
gated o pay WARF 35000, Prod-
uct development is also hobbled.
Geron Corp. in Menlo Park, Cali-
fornia. has an exclusive license
from WARF 1o develop treatments
based on specialized cells grown
from the Wisconsim lines, Lanza
says, so twe would be sued if we
even tried 1o develop insulin-producing
cells to trem diabetes.”

Some users are hoping that the widespread
complainis could lead WARF w sofien is poli-
cies further even as the patent reexannation
grinds on. In January, for example, WARF
lifted the requirement that companies must
obtain a license to sponsor human ES cell
research at universities. It also eased cell-
transfer provisions, lifiing fees for transfer of
cells among academic and nonprofit
researchers. Some critics say both decisions
were influenced by the pending patent request,
WARF denies this, explaining instead that the
decisions are part of “evolving policies ...
always in favor of increasing access.”

~CONSTANCE HOLDEN
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FOCUS

NORTH KOREA

A Mission to Educate the Elite

SEOUL—In a dramatic new sign that North
Korea is emerging from isolation, the coun-
try’s First international university has
announced plans to open its doors in
Pyongyang this fall.

Pyvongyang University of Science and
Technology (PUST) will tramn select North
Korean graduate students in o handtul of hard-
science disciplines, including computer sci-
ence and engineerng. In addition, founders
said last week, the campus will anchor a
Silicon Valley—-like “industrial cluster™
intended to generate jobs and revenue.

One of PUSTs central missions 1s to tran
future North Korean elite, Another is evangel-
ism. “While the skills wo be taught are techni-
cal in nature, the spirit underlying this historic
venture is unabashedly Chnstian,” its found-
ing president, Chin Kyung Kim, notes on the
university s Web site (www.pust.net).

The nascent university is getting a warm
reception from scientists involved i efforts 1o
engage the Hermnt Kingdom, “PUST is a
great experiment for Morth-South relations.”
says Dae-Hyun Chung, a physicist who retired
from Lawrence Livermore National Labora-
tory and now works with Roots of Peace. a
California nonprotit that aims o remove land-
mines from Korea’s demilitanzed zone. To
Chung, a Christian university is fitting: A cen-
tury ago, Christianity was so vibrant in north-
ern Korea, he says, that missionaries called

wiww.sClencemag.org

Shaock brigade.

Some 800 North Korean
soldiers helped erect
Pyongyang University.

Pyongyang “the Jerusalem of the East.”

The idea for PUST came in a surprise over-
ture from North Korea in 20000, a few months
after a landmark North-South summit. A
decade earlier. Kim had established China'’s

tirst foreign university: Yanbian University of

Secience and Technology, in Yanji, the capital
of an autonomous Korean enclave in China's
Jilin Provinee, just over the border from North
Kaorea. In March 2001, the North Korean gov-
ernment authorized Kim and his backer, the
nonprofit Northeast Asia Foundation for Edu-
cation and Culture (NAFEC), headquartered
in Seoul, to establish PUST in southern
Pyongyang. It also granted NAFEC the right
to appoint Kim as PUST president and hire
faculty of any nationality, as well as a contract
to use the land for 50 yvears,

MNAFEC broke ground in June 2002 on a
=il lion=square-meter plot that had belonged
to the People’s Army in Pyongyvang s Mak Lak
district, on the bank of the Taedong River, Con-
struction began in earnest in April 2004, That
a few ol the 800 young
soldiers on loan to the project—unearthed part
of a bell tower belonging to a 19th century
church dedicated to Robert Jenmain Thomas, a
Welsh Protestant missionary killed aboard his
ship on the Taedong m 1866,

NAFECS fundruising faltered, however,
and construction halted in fall 2004, The
eroup intensified its Monday evening prayers

SUIMIMET, W orkers
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and broadened its money hunt, getting critical
assistance from a US, ally: the former presi-
dent of Rice University, Malcolm Gillis, a
well-connected friend of the elder George
Bush and one of three co-chairs of a commit-
tee overseeing PUSTs establishment, “He
made a huge difference,” savs Chan-Mo Park,
president of Pohang University of Science
and Technology (POSTECH). another
co-chair. South Korea's unification ministry
also quietly handed PUST a 51 million
grant—more than it has awarded to any other
Morth-South science cooperation project,
This helped the school complete its initial
520 million construction push.

At the outset, PUST will offer master’s and
Ph.D. programs inareas including computing,
electronics, and agricultural engineering, as
well as an MBA program. Morth Korea'’s edu-
cation ministry will propose qualified s-
dents, from which PUST will handpick the
inaugural class of 150, It 1s now seeking
45 faculty members. Gillis and other support-
ers are continuing to stump for a targeted
5150 million endowment to cover PUST oper-
ations, which in the first vear will cost 54 mul-
lion. Undergraduae programs will be added
later, officials sayv. PUST, at full strength, aims
1o have 230 faculty members, 600 grad stu-
dents. and 2000 undergrads.

PUST hopes to establish research links
and exchanges with North Korea's top insti-
tutions and with universities abroad. "It 1s a
very positive sign,” says Stuart Thorson. a
political scientist at Syracuse University in
MNew York who leads a computer science col-
laboration between Syracuse and Kimchaek
University of Technology in Pyongyang,
“Key to success will be achieving on-the-
ground involvement of international faculty
in PUST s teaching and research.”

Some observers remain cautious, sug-
gesting that the Morth Korean military could
use the project o acquire weapons technol-
ogy or might simply commandeer the cam-
pus atter completion. A more probable nisk is
that trouble in the ongoing nuclear talks
could cause delays. At the moment, however,
signs are auspicious. Park. who plans toteach
at PUST after his 4-year POSTECH term
ends in August, visited Pyongyvang last
month as part of a PUST delegation. “The
atmosphere was friendly.” he says. “The ten-
sion was gone.” The Monday prayer group

CONtinues, just in case, =RICHARD STONE
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U.S. IMMIGRATION POLICY

Study Finds Foreign High-Tech Workers Earn Less

Many ULS. companies say they hire foreign
scientists and engineers because of a short-
age of qualified native-born workers. Buta
new salary study bolsters the claim of
some analysts that a strong reason may be
to hold down wages,

The study, by B. Lindsay Lowell and
Johanna Avato of Georgetown University in
Washington. D.C.. shows that science, tech-
nology, engineering, and mathematics
(STEM) workers holding an H-1B—a
temporary visa granted to skilled foreign
workers—earn 5% less than natives
employved in similar positions
with similar skills and experience
earn. [talso shows that H-1B visa
holders who don’t job-hop make
1 1% less than natives and that
those who enter the work force
after graduvating from a U.S. uni-
versity earn 16% less,

There is one group of foreigners
who do not seem handicapped by
their H-1B visa status, however:
Those hired directly from over-
seas—345% of the total —make
14% more than native workers,
The study, presented last month
betore the Population Association
of Americi, uses data collected by
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the National Science Foundation as part of a
2003 National Survey of College Graduates.
These findings could influence pending
legislation affecting a program that every year
admits 65,000 foreign nationals into the
U.S. workforce. Business groups want Con-
gress o greatly increase—or, better still, elim-
inite—the existing celling on H-18B visas,
arguing that it hurts ULS. competitiveness, The
workers, many from India and China, are in
such high demand that this month. the govern-
ment received applications for more than twice
the number of slots available next vear—on the

One Visa,
Different
Paychecks

Fair market? Overall, H-1B visa holders earn 5% less than
native-born U.5. workers holding similar jobs. But the difference
varies by category of worker,

NSF to Revisit Cost-Sharing Policies

Cost sharing has long been a requirement for
many types of competitive grants at the
Mational Science Foundation (NSF). In
2001, for example, institutions pledged
more than half a billion dollars to supple-
ment some 3300 NSF-funded projects on
their campuses. But despite its value in
leveraging federal dollars, cost sharing can
also give wealthier institutions an unfair
advantage in vving for an award. So in Octo-
ber 2004, NSF decided 1o eliminate the pro-
vision from future program announcements,

MNow N5F's oversight body. the National
Science Board. wanits to take another look at
the 1ssue. Some board members worry that
local and state governments, industry, and
other nonfederal research partners may lose
interest in research collaborations if they
don’t have a financial stake in the project.
“The original idea was to bring in more
money, but I think cost sharing is really more
about building parinerships,” says Kelvin

Droegemeter, a meteorology professor at the
University of Oklahoma in Norman who
volunteered to lead the board’s reexamina-
tion. “The mstitutional buy-in 15 an impor-
tant element, and I wonder iF the board went
too far [in 2004] when we eliminated it.”

The decision to reopen a long-running
debate disturbs some university administra-
tors, who note that federal funding already
falls far short of paying for the full cost ol aca-
demic research. “We had been urging NSF 1o
end [cost sharing] for many vears because of
our concern about how it was being used in
the evaluation process.” explains Anthony
DeCrappeo of the Council on Government
Relations, a Washington, D.C.—based associ-
ation of research universities,

DeCrappeo sayvs grant applicants often
suspected a subtle bias from reviewers and
program managers in favor of proposals with
large institutional commitments. Schools
were confused about which programs

very first day the applications could be filed.

Lowell speculates that foreign workers are
paid less because they are often compelled 1o
remain with the same employer to get perma-
nent residency within the 6 yvears of stay
allowed by their visas, Lowell says this
“de facto bondage™ —the residency process,
which can take years, starts anew if they change
jobs—has the effect of depressing salaries not
Just for foreign workers but for natives as well.

One solution, Lowell savs, is to grant
permanent residency to foreign workers right
off the bat. or at least waive the requirement
that applicants be sponsored by their
emplover. Indeed, several bills would grant
automatic permanent residency to foreign
students graduating from U.S. institutions
with advanced STEM degrees (Science,
14 April 2006, p. 177).

Opponents of high-tech immigration,
however. say that the salary differential
between H-1B visa holders and natives
argues for ending the H-1B program.
“Either these foreign temporary workers
are not ‘the best and the brightest.” or com-
panies are hinng them to hold down starting
wages—or both,” says Jack Martin of the
Federation for American Immigration
Reform in Washington, D.C.

=YUDHIJIT BHATTACHAR]EE

required cost sharing, he adds, Finally, institu-
tions at times came up with their share by
diverting money from existing research activ-
ities. Universities spent $8 billion a year on
academic research in 2005—more than either
companies or state governments. he notes,
and only some of which represents federl
reimbursement for the cost of supporting
research on campus—*"and there’s no reason
to have additional matching requirements.”
Droegemeier says that the board hopes 1o
collect data on the impact of cost sharing
across different NSF programs. He and others
are especially concerned about no longer
requiring state legislatures to support the
Experimental Program to Stimulate Compet-
itive Research operating in 27 states and terri-
tories that receive relatvely small amounts of
NSF funding. “We want to get community
feedback,” he says, “But something tells me
that [eliminating cost sharing] 15 not the best
way o go.” ~]EFFREY MERVIS
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GENETICS

Mysterious, Widespread Obesity
Gene Found Through Diabetes Study

The role that obesity plays in diabetes, cancer,
and other diseases makes our expanding waist-
lines one of tedays most pressing health prob-
lems. Now, on the genetics front, rescarchers
have nabbed a coveted prize: the first clear-cut
evidence for a common gene that helps explain
why some people get fat and others stay trim.,
The British veam, led by Andrew Hattersley of
Peninsula Medical School in Exeter and Mark
MeCarthy of Oxford University, doesn’t know
what this gene, called FTO. does. But adults,
and even children, with two copies of a
particular FT0 variant weighed on average
3 kilograms more than people lacking the
variant, the researchers report in a paper
published online by Scicnce this week (www,
selencemae. ore/ceycontentabstrmet/ 1 141634,

Although twin studies have suggesied that
l.]|'.lL'3"LII}.' |‘.I.;!Ih' H | g..{l,'['lL‘lIL' L'i'llTll‘lUI'il.,'I‘.IL SO CL!F]IL‘J'
reports of common obesity genes, including a
paper in Science last vear (14 April 2006,
p. 279), have proved controversial. But this
new work, which involved nearly 39,000 peaple,
15 solid, says Francis Collins, director of the
LLS. National Human Genome Research
Institute in Bethesda, Maryland. “There’s no
question that this is correct.”

The LLK. team first tound the gene mtype 2
diabetes patients participating in a multi-
disease study sponsored by the Wellcome

Flab factor. A genetic variant appears to affect some
people’s body weight

WWW.SCIENCEMaa. Ord

Trust, the UK. biomedical charity. Timothy
Fravling in Hattersley's lab and his co-work-
ers first analyzed the genomes of 1924 dia-
betic and 2938 nondiabetic individuals, look-
ing for which of nearly 300,000 genetic mark-
ers were more commaon in those with dia-
betes. Those markers helped them home in on
a variant, called a single-nucleotide poly-
maorphism. in the 70 gene. The gene,
located on chromosome 16, was a surprise;
Whereas other known diabetes genes
predominantly control insulin production,
FTO proved to be associated with body mass
index, or BMI (weight divided by height
sequared)—suggesting that it might control
weight in more than just people with diabetes,

To find out, 41 collaborators looked for the
FTO mutation in DNA samples from “hterally
every single study we could™ sayvs Hawersley,
including another two diabetes populations,
nine cohorts of white European adults, and
two studies of European children. In every
one, the FTO mutation was associated with
BMI. Overall, about 16% of white adults and
children carry two copies of this varant. They
are 167 tmes more likely than those lacking
any copies to be obese, the group reports.

The researchers don’t know what F70
does. But because FTO may lead to a new
pathway tor controlling weight, “we’ll have
people racing to understand™ the gene's
function, savs obesity researcher Jeffrey
Flier of Harvard Medical School in Boston.
Those studies should help unravel the basic
biology of obesity.

The paper also underscores the impor-
tance of trackmg down common disease
genes in as many groups of people as possi-
ble. In the past 2 years, researchers have
reported finding common disease genes for
age-related macular degeneration, diabetes,
and—earlier this month—prosiate cancer.
However, the finding of another obesity gene,
INSIG2, published last year in Science, has
held up in only five of nine populations. says
co-author Michael Christman of Boston Uni-
versity. The case for FTO's involvement is
strengthened by the fact that other obesity
gene hunters are finding the FTO poly-
morphism as well, *[There’s] very strong evi-
dence that it's a gene that affects body
welght,” savs human geneticist David
Alshuler of the Broad Institute in Cambridge,
Massachusetts, “That’s very exciting.”

~JOCELYN KAISER
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Controversial NYU Institute
Gets Director

After a yearlong search, officials at New York
University (NYU) are hoping renowned classi-
cist Roger Bagnall, appointed last week to
head the new Institute for the Study of the
Ancient World, will put the controversial inshi
tute on firm ground. The institute was created
a year ago with $200 million from the Leon
Levy Foundation, which drew criticism because
the late Leon Levy owned antiquities that
some experts claimed had been looted or
illicitly traded (Science, 31 March 2006,

p. 1846). Archaeologists here and elsewhere
will certainly be watching closely over the
months ahead,” says NYU anthropologist
Randall White, who opposed the

Levy arrangement, ~CONSTANCE HOLDEN

Beijing Betting on the Basics

China is pouring yuan into its Natural Science
Foundation of China (NSFC), which funds
most of the country's investigator-initiated
basic research, It announced last month that
NSFC will receive 5556 million this year, a
20% increase over its 2006 budget. NSFC
President Chen Yiyu told Science that the
foundation will continue to emphasize indi
vidually directed projects, about one-third of
which will be in the life sciences. The number
of larger grants in life and earth sciences
funded at levels higher than $200,000 for
4 years, as opposed lo most projects, which
receive less than $30,000 for 3 years—will go
up by 30% to 40%, Tian Xiao-Li, a geneticist
who last year left the Cleveland Clinic Founda
tion in Ohio to join Beijing University, calls
the funding increase “a very good thing” that
will attract more researchers back to China.
=HAD XIN

Making Science Tres Sexy

PARIS—France urgently needs 1o lake meas
ures to recruit more young people into research
careers, according to the country’s new High
Coundil for Science and Technology (HCST). To
explain why enrollment in science studies has
dropped some 10% in 10 years, HCST ciles in a
report reasons including uninspiring teaching at
the high school level and the public's negative
perception of scence. It proposes media promo-
tion of science, better-trained science teachers,
immmgration reforms, and special attention for
girls. The 20-member HCST, chaired by Serge
Feneville, a former director of the National Cen-
tre for Scientific Research (Science, 17 Novem
ber, p. 1059}, was called into existence last year
by a research reform law. ~MARTIN ENSERINK
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SCIENCE POLICY

Japan Picks Up the ‘Innovation’ Mantra

TOKYO—Kivoshi Kurokawa, science adviser
to Japan’s prime minister since last fall, doesn’t
mince waords when it comes to talking about
what's best For Japan's research and develop-
ment efforts. “First you have to reform the
leading universities.” he says,

kurokawa, 70, was offered the job when
a phone call “came completely out of the
blue™ from just-glected Prime Mimister
Shinzo Abe’s office late last September. [t
wits the first ime a Japanese prime minister
had appointed a science adviser, Kurokawa
suspects he caught Abe’s attention with his
outspoken opinions given while serving on
the governmental Council for Science and
Technology Policy and as president of the
Science Council of Japan. The position is
not permanent and could disappear if Abe
tails to lead the Liberal Democratic Party to
success in elections later this vear.

Kurokawa led the dratting of “Innovation
25.7 Abe’s vision of how science and technol-
{'I_I;_}' cian Ciiﬂlri.hl.l.[l." 4] ,I{I.F'IEII'IEG l.’l.'ﬂﬂﬂl'l'li:i.!
arowth out to 2025, Kurokawa laughs about
“innovation™ being in the title of'so
many recent science policy mani-
festos. But he firmly believes in
the recommendations, which
include making energy and the
environment drivers for economic
arowih, radically increasing fund-
ing for education, and reforming
Japan’s universities,

University reform is a pet
topic for Kurokawa, who rose to
be a professor of medicine at the
University of California. Los
Angeles, before returning to
Japan where, after a stint at the
University of Tokyo, he became
dean of the School of Medicine
of Tokai University in Hiratsuka,
Kanagawa Prefecture. Below are
his edited comments from an
imerview with Science.

-DENNIS NORMILE

On innovation:

The innovation Abe is talking
about is not just technological
innovation, but secial innovation
and also nurturing innovative
people. Japanese society has w
become more conducive to mno-
vation and provide opportunitics
for risk-taking. adventurous peo-
ple. [t's Fine 1o invest in science

and technology. That provides the seeds for
[economic] value. But in this globalized age.
you really have to compete and deliver the
seeds of scientific discovery to the market-
place. That requires social encouragement of
entrepreneurial activities,

On shifting government spending from
public works to human resources:

[The Innovation 235 plan] is a sort of vision
statement by the government, and each min-
istry will be asked w follow this road map.
The overall annual budget should have centain
objectives. But it is very hard to change [pni-
onties]. because each ministry has its own
[interests] and their budget remains more or
less the same from year to vear.

We could shift public spending more
toward human resources rather than inlra-
structure. But because of the political decision-
making process, vou have to raise public
awareness so that any politician [endorsing a
shift] will be supported. As science adviser to
the prime minsster. U'll try to [do that].

Radical overhaul. Kiyoshi Kurokawa, science adviser to Japan’s prime minister,
wants more money for education, but only if universities reform.

On reforming Japan's universities:

At the leading umiversities, you have to
choose when taking the entrance exam
[which academic department] you are head-
ing toward, Even within a school of engi-
neering, you have to choose, say. electrical
engineering. This means that even by grade
10, students’ core studies are shifting
depending on whether they want to go into
the natural sciences or social sciences or
arts and humanities. Why does it have to be
this way? Let high school students study
whatever they are interested in and get uni-
versities to allow more flexible choices.
Right now in Japanese society. if it so hap-
pens that at age 18 vou didn™t study [and
failed to enter university]. there’s no second
chanee. Universities should have more flex-
ible entrance policies,

For another example, [internationalize the
universities] by aiming for 30% of under-
graduates to be foreigners. Give them schol-
arships if need be. The impact of their pres-
ence would be to change the mindset of
Japanese. There has been talk
about Japan becoming a very
attractive place for foreign
researchers to come for graduate
study. Let’s start at an earlier age.

Finally, you have to reform
the Japanese hierarchical aca-
demic system [in which junior
researchers work under depart-
ment chairs]. That destrovs the
creativity and independence of
younger professors. Under this
inbred system. you're just nur-
turing cloned professors,

On the scientific community's
responsibility to the public
People have higher expectations
for contributions from the sci-
ence communiiy because their
maoney is spent on research and
development. The public is more
informed, and they want more
return on their investment—and
that’s natural. ...

The science community
should be accountable for their
policy recommendations. Whether
the science community becomes
trusted by the public depends
on doing that, So [ think trans-
parency and engagement with
the public s very important,
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Rising star.
Nanome i

Chemists Mold Metal Objects
From Plastic ‘Nanoputty’

Blacksmiths have molded metals for thou-
sands of years by melung them at ulirahigh
temperatures, Now, much like potters trans-

forming clay into ceramics, a group of

chemists has found a way to assemble tiny
metal particles into a substance that can be
shaped and fired—at little more than room
temperature, The process creates objects coms-
posed ol either a single metal or alloys ol mul-
tiple metals, which could make them well-
sutted for a raft of applications including catal-
ysis and optics,

The new work, described on page 261, 1s
drawing high praise. “It’s a very nice way to
maold particles into whatever shape vou
want,” says Chuan-Jian Zhong. a chemisi
at Binghamton University i New York, who
describes the work as “excellent.”

Manoparticles are the focus of intense
research because their tiny size lends them
umque electrical, chemical, and optical prop-
erties. But when researchers try to join them
into assemblies, the particles typically create
rigid crystals that can™ be reshaped. So
Bartosz Grayvbowski, a chemist at Northwest-
ern University i Evanston, Hllinois, set out to
give nanoparticle assemblies a litle Aexibility,
That required striking a very delicate balance,
[f the nanoparticles bond (oo readily to each
other, each particle winds up hinked to all its
neighbors, resulting in a tghtly knotied ball.
But if too few connections are made between
particles, the assembly doesn't grow.

Greyvbowski and his colleagues started by
creating linkers consisting of long hvdrocarbon
chains sporting thiol groups at each end that

readily bind to metal particles. In the middle of

the linkers, they placed azobenzene groups that
change their conformation when exposed to
ultraviolet light—in this case, switching the
linkers from oil-fniendly hydrophobic com-
pounds 1o water-friendly hydrophilic ones,

www.sciencemag.org SCIENCE VOL 316

The researchers dissolved the linkers in a
mixture of an organie solvent and soaplike
surfactant and added metal nanoparticles
coated with oreanic compounds abbreviated
DDA As the nanoparticles dispersed through
the soluton, thiol groups on one end of the
linkers displaced weakly binding DDA mole-
cules, glomming onto individual nano-
particles. At this stage, each metal particle
was coated by DDA molecules and a few link-
ers, and surfactants surrounded the linkers’
free thiol groups so they did not “see” any of
the metal nanoparticles foating nearby, When
Grzybowski’s team flipped on the UV light,
the linkers became hydrophilic and migrated
toward one another in the hydrophobic
organic solvent. The free thiol groups latched
onto nanoparticles on neighboring linkers,
creating growing webs of particles,

The Northwestern team didn’t want all
these webs to unite. however, because that
would lead to a messy precipitate. After some
trial and error. they found that if they added just
the right amount of nanoparucles, a large num-
ber of spherical webs would form, but the par-
ticle feedstock ran out before they joined up.
Together, these “supraspheres” formed a Kind
of waxy paste the consistency of putty, which
could be molded o form essentially any shape
trom spheres o gears, Moreover, when they
fired their shapes at a modest 30°C, the heat
drove off the orzanies and welded the neigh-
boring nanoparticles together, creating a con-
tinuous and porous metal network.

The MNorthwestern researchers have
already shown that their newly fired metals are
electrically conductive. Now they are testing
their optical and catalytic properties. IF those
turn out well, moldable nanometals may end
up in everything from catalytic membranes for
tuel cells to novel chemical sensors.

-ROBERT F. SERVICE
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Congress Probing Enviro Institute

A deadline looms next week for David
Schwartz to respond to congressional ques
tions about his office’s spending and his other
activities as director of the National Institute
of Erwvironmental Health Sciences (NIEHS).

Henry Waxman (D-CA), chair of the House
Committee on Oversight and Government
Reform, and committee member Dennis
Kucinich (D=0H) wrote in a 30 March letter
that Kucinich is following up a January inquiry
regarding Schwartz's controversial efforts to
revamp NIEHS's journal Emvironmental Health
Perspectives. Last year, Schwarlz scrapped a
proposal to privatize the journal, but critics
still question his plans to cut costs.

But now, spurred by whal it calls new infor-
mation from “multiple sources,” the commit
tee also wants documents on Schwarlz's activi-
ties as director, including his office’s budgel
and any consulting or travel he's done for
outside organizations under the National
Institutes of Health's strict new ethics rules.
A committee spokesperson declined to discuss
the new information it had received on
Schwartz, and an NIEHS spokesperson says it
is “putting [its] responses together.”

=JOCELYN KAISER

Judge Takes Ax to Forest
Plan Changes

Federal agencies misrepresented and buried
the views of dissenting scientists when they
decided to make logging easier in the Pacific
Morthwest, a U.5. district judge ruled last
week. In his decision, Judge Ricardo Martinez
tossed out the agencies’ changes Lo the
Northwest Forest Plan, which puts tight
constraints on old-growth logging (Science,
29 July 2005, p. 688).

In 2003, the U.5. Forest Service (USFS)
and other agencies proposed o amend the
way that watersheds are evaluated before log-
ging projects are approved. A number of emi
nent scientists noted their concern that the
amendment would “remove or weaken several
key conservation provisions for agualic
species.” Martinez ruled that these concerns
were not prominently mentioned in the draft
Environmental Impact Statement, as required
by law, and were misrepresented in a sum-
mary of comments. The agencies were “trying
to spin what was going on,” says Palti
Goldman, an attomey with Earthjustice. The
agencies now have until late June Lo decide
whether they will appeal the ruling.

—-ERIK STOKSTAD
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Global Warming Is
Changing the World

An international climate assessment finds for the first time that
humans are altering their world and the life in it by altering climate;
looking ahead, global warming's impacts will only worsen

IN EARLY FEBRUARY, THE UNITED NATIONS-
sponsored Intergovernmental Panel on Ch-
mate Change (IPCC) declared in no uncertain
terms that the world is warming and that
humans are mostly to blame. Last week,
another [PCC working group reported for the
First time that humans—ithrough the green-
house gases we spew mto the atmosphere and
the resulting climate change—are behind
many of the physical and biological changes
that media accounts have already associated
with global warming. Receding glaciers,
early-blooming trees. bleached corals. acidi-
Fving oceans. Killer heat waves. and butter-
Hies retreating up mountainsides are likely all
ultimately responses to the atmosphere’s
growing burden of greenhouse gases, "Ch-
mate change is being felt where people live
and by manv species.” says geoscientist
Michael Oppenheimer of Princeton Univer-
sity, a lead author of the report. “Some
changes are making life harder o cope with
for people and other species”

The latest IPCC report (www.ipee.ch
SPMoavr07.pdl) sees a bleak future if we
humans persist in our ways, The ¢climate
impacts, mostly negative, would fall hardest
on the poor, developing countries, and fora

and fauna—that is, on those least capable of

Wetter’s better?
Warmer and wetter
high latitudes will
yield more crops-but
also more flooding. —
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adaptuing to change. Even the modest ¢li-
mate changes expected in the next few
decades will begin to decrease crop produc-
tvity at low latitudes, where dryving will be
concentrated. At the same time, disease and
death from heat waves, floods. and drought
would increase. Toward mideentury, up to
J0% of species would be at increasing nsk
of extinction.

“This stark and succinet assessment of the
future ... is certainly roubling,” wrote econ-
omist and coordinating lead author Gary Yohe
of Weslevan University in Middletown., Con-
necticut. in an e-mail message from the final
meeting of the IPCC working group in Brus-
sels, Belgium, It is now obvious, he says, that
even if greenhouse gas emissions are imme-
diately reduced, changes are inevitable,
Humans will have to adapt. if we can.

Toning down the message

The working group™s report had a difficult
coming-out party on 6 Apnl. Like the repons
from the two other IPCC working groups
(WGL—see Science, 9 February, p. 734—and
WG due out on 4 May), Working Group 11s
involved a couple of hundred scientist authors
from all six continents analvzing and synthe-
sizing the hiterature over several vears.
Reviews by hundreds
of experts and govern-
ments generated thou-
sands of comments.,
Twenty chapiers wotal-
g 700 printed pages
led to a Technical
Summary of 80 to
100 pages and a Sum-
mary for Policy-
makers
23 pages. Then came
the hard part: the
A-clay plenary session
in Brussels, which
brought together sci-
entists and represen-
mtives of 120 govern-
ments, There, una-

(SPM) of

Drought will return to
southwest North America.

“For the first time, we
concluded anthropogenic
warming has had an

influence on many physical

and biological systems.”

—Cynthia Rosenawe,
Goddard Institute for
Space Studies

nimity among governments is required on
every word in the SPM, ostensibly to ensure
that the phrasing clearly and Euthfully rellects
the reviewed science of the chapters.

This time, there were “bigger bumps than
normal,” says climate scientist Stephen
Schneider of Stanford University in Palo
Alwo, California, a coordinating lead author,
“It was longer and more paintul than vsual,”
Oppenheimer agrees. Especially as the dead-
line approached early Friday morning. a few
countries—attendees mention coal-rich
China and oil-rich Saudi Arabia most often
insisted on substantial changes, Sometimes,
the softening of the summary could be taken
as a technical adjustment. For example. the
SPM drafi’s “20 to 30% [of] species at
increasmgly high nisk of extinction™ as the

world warms 1° or 2°C became “Up o 30% of

species at mcreasing nisk of extinction.”
Perhaps the most substantial loss from the

draft SPM was in the tables. The plenary ses-

sion eliminated parts of a table that would

WIWW.SCIENCemad.org
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Winters in Northern
Europe will be less severe.

Savanna will replace
tropical forests.

Mountain glaciers will
disappear.
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will thaw,

Te I'l.|'li tera nean
region will dry out.

- _-,j-"l

Arctic permafrost

Rising sea level will
increase coastal flooding.

IPCC’s Projected Impacts
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Mast corals will suffer
major declines,
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have allowed a reader to estimate when in this
century the various projected impacts might
arrive. Also dropped was an entire table that
lad owt quantified impacts—such as annual
bleaching of the Great Barrier Reef in the rel-
atively near term-—in an easily accessible,
region-by-region format,

Toning-down aside, “it’s still a decent
report,” says Schneider. “There are no key sci-
ence points that didn’t come through i the

SPM.” says ecologist Christopher Field of

Stanford. a coordinating lead author. And all
of the losses from the draft SPM are still avail-
able in the Technical Summary and the under-
Iving chapters for the determined reader.
However, anyone reading the SPM “should
understand that the lNndings are stated very
conservatively,” says Field.

Impacts, present and future

Conservative though it may be, the report
holds one major first. “For the first time, we
concluded anthropogenic warming has had an

Wiww. sCIENCEmag. org

influence on many physical and hologieal
systems.” says impacts analyst and coordinat-

ing lead author Cynthia Rosenzweig of

NASAS Goddard Insutute for Space Studies
in New York City, Media coverage of weird
weather and s effects had come to imply that
global warming was affecting things both liv-
ing and inanimate, and individual studies
pointed that way too, but no official body had
given the Link its imprimatur,

To make it official, IPCC authors con-
sidered 29,000 series of observations from
75 studies. Of those series, 89% showed
glaciers receding or plants bloom-
ing earlier, for example—consistent with a
response o warming, Those responses so
often fell where greenhouse warming has
been greatest that it’s “very unlikely” the
changes were due to natural vanability of ¢li-
mate or of the physical or biological system
invalved. “It's clear 1t's not all about future
impacts,” savs Field, As an example, he cites
the decline of more than 20% in snowmelt

changes

SCIENCE WVOL 316

since 1950 as the ULS. Pacifhic Northwest has
warmed. That puts a squeeze on everything
from hydroelectric dams to salmon.

Like the ongomng effects of global warm-
ing, future impacts will vary greatly from
region to region. Perhaps the most striking
example is shifting precipitation. WGII
authors started with WGIs model-based pre-
diction of increasing dryness at low latitudes
( the LS. Southwest and northern Mexico: the
Caribbean region, including northeast Brazil;
and all around the Mediterranean) and
increasing wetness at high ktitudes (northern
Morth America and northern Eurasia). They
then drew on published swdies of the effects
of climate change on crops,

The results of a meta-analysis of 70 model-
ing studhes “are compelling.” says geographer
William Easterling of Pennsylvania State Uni-
versity in State Colleze, a coordinating lead
author, “It’s become very clear that in high lat-
itudes, awarming of 17w 3°C s beneficial for
the major cereals—wheat. corn. and rice. Al

13 AFRIL 2007
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the same time. in low latitudes, even a litle
warming— | “C—results inan almost immedi-
ate decrease in vield.” In the north, the added
water accompanying warming boosts yields,
but toward the equator, the added heat is oo
much for the plants. But “you can’t warm the
mid-latitudes forever without getting some
negative response,” says Easterling, “After a
3°C warming. you get this consistent down-
turn in cereal yield” even at higher latindes. A
3°C warming is possible globally late in the
century if nothing is done about emissions.,
Other global warming impacts are even
more localized. As glaciers melt in the next
few decades in places such as the Andes and
Himalayas. Nooding and rock avalanches
will increase at first, Then, as the glaciers
continue to recede toward oblivion, water
supplies will decrease. Sea-level nse from

More ominous is the report’s discussion of
potentially large sea-level rise. The main state-
ment is low-key: “There i1s medium confi-
dence thar at least partial deglaciation of the
Greenland ice sheet, and possibly the West
Antarctic ice sheet, would oceur overa period
ol time ranging from centuries to millennia for
a global average temperature increase of
1-4°C (relative to 1990-2000), causing a con-
tribution to sea level rise of 46 m or more.”™

Four to 6 meters of sea-level nise would be
globally catastrophic, New Orleans, south
Florida. much of Bangladesh. and many
major coastal cities would be inundated. Cen-
turies to millennia might seem hke plenty of
time to deal with this still-uncerain prospect,
but the “1-4°C" is a tip-ofT. Combine that
with the table of greenhouse gas—emission
scenanios dropped from the SPM. and it is evi-

=20-10 -5 5 10 20

Some of both. Global warming will bring more precipitation {(bluish) to high latitudes in both winter (left)
and summer (right) and less precipitation (reddish) to low latitudes,

melting glaciers and ice sheets would flood

low-lving coastal areas, threatening tens of

millions of people Living on the megadeltas
of Africa and Asia. such as the Nile and
Brahmaputra. Coral lives near its upper lim-
its of temperature, 50 even modest warming
15 projected to lead to more frequent bleach-
ing events and widespread mortality,
Extreme heat waves would become more fire-
quent and more deadly for people. Warming
and drying would encourage forest pests,
diseases, and fire, hitting torests harder as
larger areas are burned. The IPCC list goes
onand on,

The report also briefly considers poten-
tially catastrophic climate events, WG] had
already found that in this century, the great
*conveyor belt” of currents carryving warm
water into the chilly far North Atlantic will
only slow, not collapse. So Western Europe
isn’t about to freeze over. In fact, it would
warm under the strengthening greenhouse.
But WG still sees likely North Atlantic—wide
effects including lower seawater oxyzen and
changes i fisheries.

dent that a 1°C warming would in all likeh-
hood arrive by mid-century, assuming no
action to cut emisstons. A 3°C warming could
be here by the end of the century. Although the
sluggish ice sheets might not respond com-
pletely o that warming for centuries or mil-
lennia. before the century s up, the world
could be committed 1o inundation of its low-
lving coastal regions,

The world loses

So what's the bottom line? WGH did that cal-
culation too. According to the SPM. “Global
mean losses could be 1-3% [of] Gross
Domestic Product (GDP) for 4°C of warm-
ing.” That's a range from significant but bear-
able to truly burdensome. “There's too much
uncertainty in that caleulation™ to take it too
sertously, Yohe says. That's because it 1s a
messy computation involving assumptions
about all sorts of factors: how sensitive the cli-
mate really is to added greenhouse gases;
what people alive today owe to future genera-
tions; how to balance the needs of greenhouse
gas emimers and climate victims, And the cal-

culation doesn’t even include many non-
quantifiable impacts, such as ecosystem
losses and the conflicts resulting from climate
refugees, that could double damage costs, The
SPM's bottom line: *The net damage costs of
climate change are likely to be significant.™

Economists are “virtually certain.” how-
ever, that whatever the global climate costs
prove to be, not everyone will bear them
equally. Some people will be exposed to more
climate change than others. Some will be
more sensitive to it Some will be less able 1o
adapt to it. And some will sufter on all three
accounts, These people might live in countries
that lie in low latitudes where drying will pre-
dominate. Their economies are likely based
largely on agriculture that is susceptible to
drought. And they are more likely 1o be devel-
oping countries without the wealth needed 10
adupt to climate change. say, by building
irrigation systems,

Because such happenstances of geogra-
phy, climate, and economics make some
groups particularly vulnerable, Yohe says,
“climate change will impede progress toward
meeting Millennium Development Goals™
eight LN —sponsored goals, which include
eradicating extreme poverty and hunger and
ensuring environmental sustainability. “If vou
don’t do something about chimate, you're
swimming upstream” trying to meet these
goals across the world. Fortunately, says Yohe,
many of the steps that would help communi-
ties adapt to climate change would also help
meet the ULN, goals,

Although the report emphasizes the vul-
nerability of poorer. developing countries, it
foresees no real winners, Every population
has vulnerable segments. Oppenheimer

points out. In the European heat wave of

2003 that killed perhaps 30,000, it was the
elderly. When Hurricane Katrina hit New
Orleans. Louisiana, killing 700, it was the
poor. Adaptation—building levees in the
case of New Orleans—has not worked out all
that well so far.

And no one region seems exempt. Ina paper
published online by Science on 3 April
(www.sciencemag.org/cgi/content/abstract

1139601). clhimate modeler Richard Seager

of Lamont-Doherty Earth Observatory in
Palisades. New York, and his colleagues look at
19 global climate models run for the IPCC.
They expect the dryness of the 19305 Dust
Bowl to return to the American Southwest by
midcentury. for good. If the models are night.
the western drought of the past decade is only

the beginning. If the world's biggest emitter of

greenhouse gases needed some prodding to
ke action on global warming, this could be it
-RICHARD A. KERR
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The Education

Of T Cells

New research on how T cells learn to home
in on their targets could lead to selective
treatments that boost or dampen immune

responses in specific tissues of the body

Almost 3 decades ago, a team of
immunologists made an intrigu-
ing observation. They col-
lected white blood cells
called lyvmphocytes
from lymphatic uid
{lymph) that drained
the skin or the gut ofa
healthy sheep, labeled
those lymphocytes,
and injected them back
into the same sheep’s
bloodstream. To their sur-
prise. the mjected cells didnt patrol the whole
body: Cells from the skin region returned
muostly to the skin, whereas those from the
intestine homed mostly back to the gut.

T cells. the infection-fighting immune
cells born in the thymus, were thought to
cruise the entire body via the bloodstream
and the lymphate circulation, stopping
where they spotted signs of trouble, So how
did those sheep T cells know to navigate to
and patrol a particular tissue? The question
matters because immunologists hope to
battle tumors or autoimmune diseases by
controlling the cellular immune response in
one organ, while leaving the immune system
alone elsewhere,

The first clues to an answer came from
Eugene Butcher and Irving Weissman of the
Stanford University School of Medicine in
Palo Alto. California. In the 19805, they
showed that certain squads of T cells can
distinguish between tiny blood vessels near
the skin or near the mtestine. Then
Butcher's team and others identitied dozens
of cell-surface receptors and soluble signal-
ing chemicals called chemokines that

WWW.SCI @

helped those T cells penetrate and
patrol particular tissues. In the
19905, Butcher and other biologists
uncovered a molecular code—the
unique combination of receptors
and chemokines—that directed

T cells 1o, say, the skin or the gut.
But one crucial mystery remained:
How does a newborn T cell, fresh
from the thymus, become programmed,
or educated, to express the combination of
receptors that will let them home to a partic-
ular tissue? “It's a fundamentally important
problem in cellular immunelogy.” says
Jefirey Frelinger of the University of Morth
Carolina, Chapel Hill.

Ower the past 5 years. researchers have
begun to erack that mystery. The most
recent work, which shows how immune
sentinels called dendritic cells instruct
T cells where to go, 15 revealing a layer of
intelligence in the body’s immune surveil-
lance mechanisms that had gone unde-
tected, say Frelinger and other immunol-
ogists, Ultimately, physicians hope o use
the emerging understanding of T cell 1ar-
geting to develop immune-modulating
compounds more specific than today’s
drugs, which for the most part are blunt
instruments that can cause serious side
elfects. Drugs that direct T cells to specific
sites could battle tumors, improve vac-
cines. or ease autommmune diseases. “One
can conceivably generate drugs that inter-
fere with organ-specific [T cell] recruit-
ment without paralyzing immune delenses
everywhere else.” savs immunologist
Ulrich von Andrian of Harvard Medical
School (HMS) in Boston.

SCIENCE WVOL 316
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T cells on patrol

When tissue 15 infected by a foreign agent.
its First line of defense 1s inflammation. the
nonspecific response involving pain, red-
ness. heat, and swelling. Then, over several
davs, the immune system activates squads of
T cell clones, lines of cells cach of which can
latch onto a single bit of pathogen on an
infected cell. T cells then neutralize the
threat, call tor backup from other immune
cells. or both.

T cell activation begzins when dendritic
cells, octopuslike cells that roam the body s
tissues, spot infection and chew up infected
cells o obtain antigen—a small piece of a
pathogen or tumor that can trigger an
immune response. Dendritic cells then travel
through the lymphatic ducts to the nearest
lymph node, spongelike sacs that serve as
regional Field stations for the immune sys-
tem. There the dendritic cells encounter
many so-called naive T cells but only acti-
vate for battle the ones bearing receptors that
recognize the antigen they carry. The newly
vigilant T cells multuply into an army of
clones known as effector T cells that can
fight infected or rogue cells.

The effector T cells then move from the
lymph nodes through lymphatic vessels to
the bloodstream. where they circulate
throughout the entire body. But to fight
pathogens, they need to find the site of the
infection. Immunaologists believe that some
eflector T cells stop i any tssue or organ
where there are signs of trouble, or inflam-
mation. But Butcher and others have long
concentrated on the more specialized T cells
that can home back from the bloodstream to
a particular tssue, such as skin or gut.

By the early 20005, Butcher and others
had uncovered a clever addressing system
that targets those tissue-specific T cells to
the correct home. These T cells use a four-
step process to exit the bloodstream across
the walls of tiny veins called high endothe-
lial venules. Each of the four steps requires
either matching pairs of Velcro-like recep-
tors on T cells and the venule walls, or
matchimg pairs of other T cell receptors and
chemoattractants, small molecules that
make up a ussue’s unigue chemical seent, I
the four correct pairs ol receptors and
chemoattractants are present in the right
combination, the T cell recognizes that it’s in
the correct tissue, then squeezes through the
venule wall to the tissue beyond. Today,
Butcher says, the feld is starting to ask how
a naive T cell learns to express the correct
combination of homing receptors for the
cut, skin, or other tissues—a process called
T cell education, or imprinting.
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Betore immunologists could find out how
T cells undergo such imprinting. they had to
make sure it really happened in living ani-
mals and that the cells were not born “pre-
committed to homing to gut or skin or
jomts,” Butcher says. Butcher and Damiel
Campbell, now at the University of Washing-
ton, Seattle, did that in 2002, They injected
mice with millions ol identical, Nuorescently
labeled mouse T cells, all of which had been
zenetically engineered to recognize an egg-
white protein. They immunized the mice
with that egg-white protein. then 2 days later.
surgically removed lvmph nodes and other
Iymphoid tissue from the gut and the skin.
Inside all the lvmphoid tissue they examined,
the quiescent T cells were being activated
into effector T cells that were ready to battle
the foreign protein. But T cells found in the
aut lymph nodes produced receptors that
would help them find their way to the gut
itsell once they had reentered the blood-
stream from the nodes, whereas otherwise
identical T cells from the skin lvmph nodes
produced receptors that would direct them to
skin, the researchers reported in the Jonwenal
af Experimental Medicine. *Where you get
stimulated determines which homing recep-
tors are expressed.” Butcher explains,

What happens within a tissue’s lymph
node o program a T cell to migrate from the
bloodstream to that ussue? Yon Andnan sus-
pected that dendritic cells teach T cells wo
home to the tissue where those foreign bits
are found. That’s because dendnitic cells are
on the scene in lymph nodes, embracing and
helping activate the T cells.

Von Andrian’s team purified dendritic
cells from lvmphoid tssue (lymph nodes or
other specialized immune tissue) from
three parts of the body: spleen (a central
lymphoid organ), skin, and intestine. They
incubated each tissue-specific type of den-
dritic cell in separate petri dishes with
naive T cells. After 5 days, T cells were
ready to do battle with pathogens. But in a
test-tube experiment, only T cells exposed
to dendritic cells from the Pever’s paich,
lymphoid tissue in the intestinal wall,
migrated toward a gut chemokine.

Then, to see whether the same thing hap-
pened in living animals, the researchers
injected mice with fluorescent T cells that
had been stimulated by one of the three
types of dendritic cells. T cells ended up
maostly in the gut when they'd been activated
by dendritic cells from gut lymphoid tissue,
but not when they'd been activated by den-
dritic cells from skin lymph nodes, the
researchers reported in 2003 in Nanre. The
same year, immunologist William Agace’s
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team at Lund University in Sweden reported
that dendritic cells from mesenteric lvmph
nodes. another immune site in the gut. also
educate T cells they touch to home in on the
intestines. Together, the results mean that
“antigen-presenting cells from different
Ivmphoid tissues are not equal in terms of
the story they re telling,” von Andrian says,
Since then. immunologists have worked
out some of the chapters of that story. In a
pivatal 2004 paper in fmmanity, Makoto

lwata of the Mitsubishi Kagaku Institute of

Life Sciences in Tokvo discovered that vita-
min A (retinol), which is abundant in the
intestine but scarce in other tissues, plays a
key instructional role in T cell homing. In
test-tube experiments. they found that den-
dritic cells from the intestinal lvmph nodes
convert retinol to retinoic acid, which
induces T cells to make gut-homing recep-
tors but not skin-homing receptors, Subse-
quent animal experiments confirmed the
importance ol this conversion to T cell
homing: Mice starved for vitamin A had far
fewer intestinal T cells than mice that con-
sumed enough of the vitamin.

Recently, Butcher and research scientists
Hekla Sigmundsdottir and Junhang Pan and
their colleagues probed for a comparable
molecular mechanism in the skin, “We won-

How a newborn T cell
becomes programmed to
home to a particular tissue is
“a fundamentally important
problem in cellular
immunology.”

—dJeffrey Frelinger, University of

North Carolina, Chapel Hill

dered if a similar vitamin or metabolite that
might be restricted to the skin might imprint
skin homing,” Butcher savs. Vitamin D,
which is mass-produced by skin cells in
response o sunlight, “was the obvious can-
didate.” he adds,

Butcher’s team isolated lymphatic Muid
from the skin of sheep, purified dendritic
cells from that fluid, and found that the
immune cells convert vitamin D3, the sun-
induced variant of vitamin D, into its active
form. In other test-tube experiments. this
activated vitamin D3 induced T cells to make
a receptor that helps them follow their nose
to a chemoattractant in the epidermis. the
skin's outer layer, the team reported in the
February issue of Nanwe Immunaology. An
evolutionarily related chemoattractant in the
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out lures T cells using a differemt receptor 1o
that tissue. Butcher points out. These swudies
indicate that dendritic cells can exploit a us-
sue’s unigque hiochemical fingerprint
its unigque mix of metabolites—to educate
T eells to patrol that tssue. Butcher says.

T cells specialized for one tissue can also
be retrained to patrol another area, von
Andrian, HMS immunologist Rodrigo
Mora, and their colleagues reported in 2003
in the Jewrnal of Experimental Medicine.
They cocultured T cells for 5 days with den-
dritic cells from the gut. spleen. or skin.
which imprinted T cells for those tissues.
They then washed each group of T cells and
cultured them with dendritic cells from a
different ussue. After 5 more days with their
new instructors, “the T cell phenotype would
always match the flavor of the dendnitic cells
they had seen last.” von Andrian says, That
ability to reassign T cells to new tissues may
give the immune system an important
degree of flexibility in fighting infection. If
the pathogen stays put. the immune response
15 concentrated in that tissue, von Andrian
says. “But if the pathogen spreads, vou have
not put all your eggs in one basket.”

Immunologists have begun investigating
whether the T cell’s instructors—the den-
dritic cells—themselves specialize to func-
tion in a particular tissue, or whether they
simply sense theirr environment and
respond. A definitive answer is not vet in.
Butcher’s team found data suggesting that
dendnitic cells have two vitamin D-activating
enzymes no matter what tissue they're
from. but only in the skin do they have
access to the sunhght-produced vitamin.
Agace’s team. in contrast. has found evi-
dence that at least some dendritic cells are
more specialized. In a 2005 study in the

Jowrnal of Experimental Medicine, his

Swedish team reported evidence of two
types of gut dendritic cells: one that has vis-
ited the mtestinal wall and can train T cells to
migrate to the gut, and another, ofunknown
origins, that can’t,

Steering cells right

The new work on tissue homing is raising
immunologists” hopes of specifically boost-
ing or suppressing immunity in selected
tissues, Most autoimmune diseases involve
an overactive, self-destructive immune
response toward a particular tissue: the pan-
creas in type | diabetes. the central nervous
system in multple sclerosis (MS), the joint
in rheumatoid arthritis. Typically. treat-
ments for such diseases dampen the entire
immune system and increase the risk of
infection, Similarly, stimulating the immune

www.sciencemag.org
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Back to the front. Dendritic cells use a tissue's characteristic metabolite—dietary vitamin A in the gut or sunlight-induced vitamin D in the skin—to educate T cells

to fallow their nose back to that tissue.

system nonspecifically to fight a tissue-
specific tumor can increase the risk for
autoimmune side effects.

That's where the new knowledge of T cell
homing can help, Butcher says. Drugs that
alter homing are not themselves new: in
1997, Butcher and HMS biochemist Timothy
Springer co-founded a biotech company
called LeukoSite. which was later bought by
Millennium Pharmaceuticals, to develop
drugs that block the Velero-like interactions
and molecular sniffing that help T cells find
their way into tissues. Many drug and
biotech companies are still pursuing that
approach, which has produced a U.S. Food
and Drug Administration-approved drug for
MS and drugs for ulcerative colitis and
Crohn’s disease that are currently in clinical
trials. But blocking a single receptor often
fails to prevent T cell entry into tissues
because the receptors involved in homing
can often {1l in for one another.

Drugs that alter T cell imprinting “might
be a way around the problem of redundancy,”
Butcher says. Both gut-homing and skin-
homing T cells interpret their respective sig-
nals, retinoie acid and activated vitamin D,
using members of a large family of receptors
that sense hormones and metabolites and
directly control gene expression. Drugs that
stimulate or alter these nuclear-hormone
receptors already exist, and some are being
tested for autoimmune diseases such as
rheumatoid arthrits or psoriasis. That gives
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researchers a head start, as those drugs might
alter the instructions that tell T cells where to
migrate. explains Butcher. “The exciting
thing about imprinting is that we're just
learning about its potential,” he says,

The recent advances in T cell imprinting
also create several possible new ways to
fight disease, Agace says. Most pathogens
enter the body through the surface. or
mucosa. of a particular tissue, which means
that a drug that directs T cells to the mucosa
could enhance the cellular iImmune
response, making vaceines more effective in
warding oft intruders. Other compounds
could help battle localized tumors. For
example, coinjecting lab-grown dendritic
cells, which are already used as an antitumor
therapy. with compounds modeled on
retinoic acid could potentially program T cells
to migrate o a gut umor and boost the treat=
ment s effectiveness, Agace says.

Retraining T cells could backfire by
working too well, caution some immunolo-
gists. In a recent clinical trial, the MS drug
Tysabri stopped abnormal T cell homing to
the brain and eased MS symptoms. But it
also suppressed the brain’s immune surveil-
lance system so much that a normally
benign virus began reproducing in three
patients, ultimately killing them,

What's more, T cells may not take
instruction in all tissues, sayvs pulmonary

physician Jeffrey Curtis of the University of

Michigan, Ann Arbor, Immunologists stll

debate whether specific squads of T cells are
assigned to patrol tissues other than the skin
and gut. Researchers have been unable to
find a combination of adhesion molecules or
chemoattractants that lures specitic T cells
into lungs, he notes. But physiologist Klaus
Ley of the University of Virginia, Char-
lottesville, who studies T cell migration in
lung and blood vessel disease. disagrees: “If
I project into the future. we will see more
homing specificity—rFor gut and lung and [
hope for [atherosclerotic] blood vessels.”
The research on T cell homing has also
now begun 1o merge with another hot topic
in immunology: regulatory T cells, a much-
touted cell type that naturally suppresses
autoimmune reactions, Several vears ago,
Alf Hamann of Charité University of Medi-
cine in Berlin and his colleagues reported
that regulatory T cells isolated from ditfer-
ent tissues have homing receptors like those
that effector T cells sport. Now. in a March

online paper in the Evropean Jowrnal of

Immunology, they report that these cells.
like effector T cells, can be programmed by
dendritic cells, an interleukin, and retinoic
acid o home to skin or gut. In theory. sub-
populations of regulatory cells could there-
fore be prepared to target a tissue and sup-
press an autoimmune response. I you
could make a regulatory T cell in vitro and
make it zo where vou want it to go, that’s a
cool thing.” Butcher says.

-DAN FERBER
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Surveys of Exploding Stars Show
One Size Does Not Fit All

Type la supernovae are regular enough that astronomers can use them to measure the
universe, But some of the "standard candles” are breaking the theoretical mold

SANTA BARBARA, CALIFORNIA—W hen
astronomers wish upon a star, they wish they
knew more about how stars explode. In par-
ticular, experts on the stellar explosions
known as supernovae wonder whether text-
book accounts tell the true story—especially
For a popular probe of the universe’s history,
the supernovae designated as type o

In fact, new observational surveys sug-
gest that cosmic evidence based on type Ia
supemovae rests on a less-than-secure theo-
retical foundation. “We put the theory in the
textbooks because 1t sounds night. But we
don’t really know it's nght. and [ think people
are beginning o worry,” says Robert Kirshner,
a supernova researcher at the Harvard-
Smithsoman Center lor Astrophysics (CFA)
in Cambridge. Massachusetis. *We keep say-
ing the same thing, but the evidence for it
doesn’t get better, and that's a bad sign.”

Kirshner was among more than 100 expents
on stars and their explosions who gathered wo
discuss their worries last month at the Kavli
Institute for Theoretical Physics at the Uni-
versity of California. Santa Barbara.” Gen-
eral agreement emerged that the textbook
story “is a little bit of *the emperor has no
clothes,” ™ as Lars Bildsten, an astrophysicist

at the Kavli Insttute, put it. “There’s a lot of

holes in the story.”

Understanding type Ia supernovae has
become an urgent issue in cosmology, as they
provide the most compelling evidence that
the universe is expanding at an accelerating
rate. That acceleration. most cosmologists

* "Paths to Exploding Stars: Accretion and Eruption,”
19-23 March.
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conclude, implies the existence of a cosmic
Auid called “dark energy™ that exerts a repul-
sive force countering gravity.

In the textbook story, tvpe Ia explosions
occur in binary systems where a worn-out star
known as a white dwarf siphons matter from a
nearby companion. When the planet-sized
dwarfaccumulates enough mass to exceed the
Chandrasekhar limit—about 1.4 times the
mass of the sun—its density becomes greal
enough to igmite thermonuclear tusion, blow-

ing itself o smithereens.

Because all white dwarts presumably
blow up the same amount of mass. they
should all be equally bright at any given dis-
tance, and so their apparent brightness
should dimimish with distance 1na pre-
dictable way. Faraway type la supernovae are
dimmer than expected. however, suggesting
that the umiverse’s expansion rate has been
speeding up,

But Figuring out exactly what dark energy
is will require a precise gauge of its effect on
the expansion history of the universe. And
tvpe la supernovae are not yvet well enough
understood for analvsis of their brightness to
provide the needed precision, experts say. “We
do not Know the detals.” savs Alex Filippenko
of the University of California, Berkeley.
“There is still a lot of controversy about what
exactly is going on ina la.”

Several speakers during the Santa Bar-
bara conference noted problems with the
textbook view. For one, astronomers have
long realized that not all type la’s explode
with the same brightness, Instead, the bright-
est are several times as luminous as the
dimmest. Type la explosions in old elliptical
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galaxies appear dimmer, on average, than
explosions in vounger galaxies. It may be

that such ditfferences reflect different
pathways leading to explosion. hinting that
type la supernovae come in two distinet
flavors, “There 15 now very strong evidence
that ... there are very likely two populations
ol type la supernovae,” said Bildsten

Corrections for brightness differences can
be made based on the color of the explosion’s
Light and how rapidly it dims. Such fixes were
good enough to establish accelerating expan-
sion but not for pinning down dark energy’s
properties precisely. That will require
answers to several nugging questions, includ-
ing the nature of the white dwarf™s companion
and the mechanmism of the explosion.

The good news from the conference is
that several computer simulations seem to
show that a |.4-solar-mass white dwarf can
indeed explode hike a bomb, although van-
ous models differ in their details. In some
models. a wave of fusion burns slowly
through the star {a process known as detla-
gration). ultimately detonatng the fast-
burning explosion that mimics a hydrogen
bomb. In the star, however, the elements
fused are carbon and oxvgen. the elements
believed to make up the bulk of the white
dwart type [a progenitors,

Immediate detonation of the entire star in
arapid shock-wave blast i1s unhikely because i
would convert nearly all the material into an
1sotope of nickel (which eventually decays to
form iron). Because intermediate-weight ele-
ments (such as silicon) are found in tyvpe [a
debris, some of the burning must be slower.

A deflagration model discussed at the
conference by Wolfgang Hillebrandt of the
Max Planck Institute for Astrophysics in
Crarching, Germany. seems able to produce
an explosion, but only if deflagration begins
at multiple points within the star. Anothe
approach, presented by Don Lamb of the
Umiversity of Chicago in [llinms, showed
how a bubble of fusion beginning inside the
star can burst out through its surface and
then, confined by the star’s gravity, wrap

Wiww.sClencemag.org
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Kaboom! Computer models show ways stars might
explode but not what primes them for the blast.
around the starin all directions, until
encountering itsell on the other side (see
Figure, p. 194). When the fusig material
collides with itsell, a jet of material fires
back down into the star, detonating the full
fusion explosion, a new three-dimensional
computer simulation shows, confirming
the basic picture seen in earlier two-
dimensional models,

But. as Kirshner pointed out, simulating
an explosion is one thing. [t remains o be
seen whether the models can replicate the
energy and mix of elements acwally seen in
various type La explosions. And these mod-
els assume that a 1. 4-solar-mass white dwarf
15 conveniently avairlable and poised to
explode, yet nobody knows exactly how
white dwarfs reach that point, or
whether there are enough of
them to account for the observed
rate of explosions. In fact, mosi
observed white dwarfs are typi-
cally only a little heavier than
half the mass of the sun, far
below the explosion point,

In the standard story, white
dwarfs reach the mass limit by
acereting hydrogen from a com-
panion star. But the accretion
must oceur ata “just right™ rate
too tast, and it will be blown away

(=)
WM
=
f—
=
e’
-
[
-
Lo ]
s
-
el
|
i

by smaller explosions before
reaching the bomb mass.

Furthermore. 11 white dwarfs
really explode by accreting
hydrogen from a companion.,
lettover hvdrogen should be visi-
ble in the supernova remnant.
But sensitive observational searches have
Fatled w find the hvdrogen. ©] think this lack
of hydrogen is a very, very serious issue,”
said Filippenko.

The missing hyvdrogen leads some
experts to speculate that the companion star
15 not an ordinary hydrogen-rich star but
something else—nperhaps even another
white dwarf. But searches find few double-
dwart systems likely to become supernovae.
The Supernova la Progenitor Survey at the
European Southern Observatory in Chile
has observed more than 1000 white dwarfs
and has found only two double-dwarf sys-
tems, Rall Napiwotzki of the University of
Hertfordshire, UK., said at the conference.

In one, the total mass of both dwarfs
didn’t reach the explosion threshold, and
they wouldn't merge for 25 billion years,
anyway. The other double dwarl falls just

encemaq.org

short of bomb mass. “At the moment, we
can’t say we have a clear-cut supernova la
progenitor,” Napiwotzki said. But deeper
searches may Find more candidates, he added.

IF double dwarfs do merge and explode,
their combined mass could exceed the
Chandrasekhar limit, producing an unusu-
ally bright explosion. And in fact, one such
unusual explosion was spotted in 2003 and
reported in Nature last yvear by the Super-
nova Legacy Survey, an international project
using the Canada-France-Hawan telescope
on Mauna Kea,

Supernova 20031 looks like a type Ia,

sand Andrew Howell of the Umiversity of

Toronto, Canada, but glows with more
than double the median Ia brightness. [ts
brightness and energy output suggest a
combined mass of more than two solar
masses, implying (among other possibili-
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What next? Uncertainties in supernova surveys could muddle efforts to determine
the nature of dark energy—and thus the late of the universe.

ties) a double-dwarf explosion or the
growth of a single white dwarf to larger
than the expected maximum mass, Many
experts find it hard to envision a single
dwarf growing that fat, but neither has cur-
rent theory established that the merger ol
two dwarfs would produce the observed
features of a type la explosion.

In any case, freak explosions such as
20031 are just the sort that could contam-
inate supernova data needed to determine
whether dark energy is the residual energy
of empty space incorporated by Einstein
into his theory of relativity as a “cosmo-
logical constant.™ IT it is, the ratio of the
dark energy’s pressure wo its density would
be exactly —1. at all times and places
throughout the universe. (That ratio,
known as the equation of state. 15 negative
because the pressure 15 negative, confer-
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ring the dark energy’s repulsive effect.)

If the ratio is greater than -1, dark energy
could be a new sort of field sometimes called
guintessence, that changes its strength over
time. A ratio less than — | suggests an entirely
werrd “phantom™ energy that would someday
rip the universe to shreds ( See lgure below
and Science, 20 June 2003, p. 1396),

Current efforts to gauge the equation of
state using supernovae are all consistent
with —1 but not sensitive enough 1o detect
small deviations. At the conference, Mark
Sullivan of the Unmiversity of Toronto
reported a Supernova Legacy Survey analy-
sis 0f 250 supernovae giving a value of —1.02,
but with an error range including — 1. Michael
Wood-Vasey of CFA. presenting for another
supernova survey known as ESSENCLE,
reported - 1.035, based onmore than 170 super-
novae, but again with uncertainties large
enough o include

Reducing such uncertaintics

further i= a prime zoal of several
supernova-search satellite mis-
sions to probe dark energy tha
will be competing for funding. as
described in last yvear™s Dark
Energy Task Force report pre-
pared Ffor NASA, the National
Science Foundation, and the
Department of Energy (www.,
sclence.doe.gov/hep/DETF-
FinalRptJune3D, 2006.pdf). But
some experts doubt that super-
nova theory will ever be good
enough to identfy small devia-
tions from = 1. even with thou-
sands ol supernovae observed
from a dark-energy satellite.
(Some of the proposed missions,
however, would measure both
supernovae and other features, such as
eravitational-lensing effects, that could help
narrow the uncertainties. )

In any event. better supernova data could
still be useful to cosmologists, Bildsten
pointed out, “1f there’s really two popula-
tions, you might decide that one of those
populations 1sn’t so good and if it's in this
type of galaxy or that, you don’t use it for
vour cosmaology,” he said. *Mavbe that’s
helpful information,”

But whatever help supernovae can provide
will still depend on plugging the wornsome
oaps in current textbooks accounts, Kirshner
said, and answers to many critical questions
remain elusive. 1 wouldn’t say it's a crisis,”
he said. “But 1f you ask, "Are the pleces
falling into place?’ I'd sav the answer 15 no,”
~TOM SIEGFRIED

Tom Siegined & a writer in Los Angeles, Califorma.
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The Plant Breeder and the Pea

K. B. Saxena has spent his career trying to boost yields of pigeon pea, a crop relied
on by hundreds of millions of marginal farmers. At last, he's succeeded

When he decided on his life’s work as a plant
breeder, K. B, Saxena made an unhikely
choice. The year was 1974, and new varieties
of rice and wheat were boosting production
and cutting hunger around the world. With a
newly minted Ph.D). trom one of India’s top
agriculural umiversities, Saxena could have
worked on any of these blockbuster crops.
Instead, he picked a gangly. unrefined plant
called pigeon pea.

Although still barely known in the West,
pigeon pea ( Cafanies cajan ) is the main source
of protein for more than a billion people in the
developing world and a cash crop for count-
less poor farmers i India, eastem Adrica, and
the Caribbean. This hardy, deep-rooted plant
Ll.{'l-l.‘:‘i]'l-[ require I.I']'I"__'."lHI.II'l ar Ilﬂﬂ'rt_'l."!'l ftr[lllﬂ.‘r,
and 1t grows well in many kinds of soil, “1t's
such an important crop. and it had been neg-
lected.” Saxena says.

During a 30-year career at the Inter-
national Crops Research Institute for the
Semi-Arid Tropics (ICRISAT) in Patancheru,
India, Saxena helped create nearly a dozen
kinds of pigeon pea that mature sooner and
resist diseases better than do traditional van-
eties. Yet the big prize—high-vielding
hybrnds—never seemed within reach. “People
had lost hope that vield could improve,” says
Saxena, who narrowly escaped being laid ofta
decade ago and barely managed 10 keep his
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program going during hard times at ICRISAT,

Mow, hope 1s back. Two vears ago. Saxena’s
group lnally succeeded in creating the first
commercially viable system in the world for
producing hybrid legume seed. It couldn’t
have come at a better time: India taces a
pigeon pea shortage severe enough that the
government banned exports of it and other so-
called pulses last vear. Last month. ICRISAT
announced that one of its most promising
hybrids can achieve yields nearly 50% higher
than those of a popular variety. “This will
become the forerunner of a pulses revolution
in India,” predicts M. S, Swaminathan, a plant
breeder considered one of the chief architects
of the original green revolution. The first
seeds should reach farmers next vear, and
Swaminathan himself is working on a project
to miake sure even the poorest can afford them.,

Deep roots

Saxena was inspired to become a plant
breeder when he was in high school. His older
brother, a matze breeder. would take him into
the research fields and explain what he was
domng. “All that sumulation came from my
brother,” Saxena says. “He encouraged me a
lot.” And with the green revolution at its
height, plant breeding was a hot field. Afier
timishing a Ph.D. in cereal grains, Saxena

joined ICRISAT in 1974, which had been

In bloom. K. B. Saxena (right) and colleagues
bred countless varieties of pigeon pea to create
new hybrids.

founded just 2 vears earlier to improve five
semiard tropical crops: sorghum, pearl millet,
chickpea, groundnut, and pigeon pea.

There wasn tmuch competition to work on
pigeon peas. Saxena recalls. Crops took 6 1o
9 months to mature, slowing the pace of
research. And they grew to 2 1o 3 meters tall,
their pods covered 1 a sticky gum, “It will
spoil all vour clothes in an hour,” Saxena says.
“No one wanted o work on such a dinty crop.”

But sensing an opportunity—and loving
the dahl made from pigeon peas—he
plunged in. By the 1980s, the small team of
plant breeders at ICRISAT—together with
researchers at the Indian Council of Agnicul-
tural Rescarch (1CAR)—had developed
early-maturing varieties that can be har-
vested in only 3 months, That meant an entire
crop of nitrogen-fixing pigeon pea can be
planted before the wheat crop in northern
India. helping to restore fertility 1o the soil,
New vaneties also featured improved resisi-
ance to fusarum wilt and the dreaded stenl-
ity mosaic virus known as “the green
plague” But vields hardly budged. rising to
an average of 70O kilograms per hectare.

The way to smash through the yvield bar-
rier is by creating plants with hybrid vigor.
This is a well-known phenomenon in which
the first generation of offspring exhibit
vastly superior traits—vield, or overall
health, for example—than those of either
parent. The process starts with picking the
best plants from each generation and breed-
ing them so that all the progeny of each have
dependable traits, then crossing them. This
is relatively straightforward and can be done
by hand in the greenhouse,

But making enough hybrd seed o sell
requires an easy way to prevent plants ofeach
parent variety from fertilizing themselves.
{ Each plant carries both male and female sex
orzans.) Breeders like to create so-called
male sterile plants that can’t make viable
pollen but can still be fertilized by pollen
from certain other varieties. In com and rice,
varieties had been bred to produce stenle
pollen by the 19805,

Breeding sterile plants in pigeon pea and
other legumes has proven much more diffi-
cult. For starters. the male and female parts
exist within the same flower. That means
researchers must pollinate the delicate ovaries
by hand, and sometimes only a few percent
can be successtully fertilized. This and other
challenges kept hybnids oft the agenda of most
legume breeders. “It's theoretically possible,
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but its hard w do,” says Harbans Bhardwaj, a
plant breeder at Virginia State University.
Petersburg. who has worked with pigeon pea

Proof of principle came in the late 19805
Working with ICAR institutions, Saxena and
his ICRISAT colleagues found vaneties with
nuclear genes that conferred male stenlity
Hybrids from this line boosted vield by up 10
30% and did well in field trials. But the males
werentalways sterile—sometimes just a frac-
tion of the male flowers lacked pollen.
Because not all the seeds produced from them
were high-vielding hybrids, companies were
not interested in commercializing the plants.

Other setbacks put the project m jeopardy,
too, [n the late 19905, [CRISAT began
to have major budget problems
(Science, 2 January 1998, p. 26), and
management decided to drop pigeon
pea research, Saxena pleaded his case,
but the pigeon pea team was still cut
deeply: the three other breeders were
laid off, as were seven of 10 techni-
cians. After drumming up external
funding from companies, Saxena
rebuilt the program.

The big advance came from find-
ing plants with genes in their cyto-
plasm that confer male sterility. Unlike
nuclear genes, which are segregated
during meiosis, the evtoplasm is
passed down through the eggs toall the
progeny. so the offspring of plants with
the particular cytoplasmic genes will
all be male-sterile.

Some hints of evtoplasmic male
sterility had come early on. when
breeders managed o produce plants
with sterile pollen by fertilizing wild
pigeon peas with pollen from a cult-
var. But the plants also had sterile
ovaries, Saxena expanded this effort
with other wild species. Each year, the
group made thousands of experimen-
tal crosses and planted the seeds. Every plant
was inspected when it Howered—an onerous
task, as a hectare can contain up to 60,000
individual plants. In March 1996, a research
assistant struck gold when he located plants
with no pollen in any of their flowers—a sign

of eytoplasmic male sterility. He dashed off

on his motorbike to relay the news. It was
very exciting,” says Saxena. “People were
really smiling in the field.” Further testing
revealed that the sterlity was indeed passed
on through the eytoplasm.

Still, success came slowly, Some lines
created plants that were male-sterile when
arown in winter but would somehow produce
fertile pollen in the summer. “Sometimes we
oot frustrated.” Saxena says, Out of five lines
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they developed. only one turned out to be sta-
ble enough. In order to perpetuate these
plants, they also had to find a maintainer
line—a nearly identical plant with pollen that
would fertilize the plants but vield seed that
would grow up into male-sterile plants. The
final component was a restorer line, a variety
that can fertilize the male-sterile plants so
that the progeny will bear seeds. New traits,
such as disease resistance, are bred into
either or both of the parent lines to produce
hybrid seed for farmers.

By 2004, the system was up and running
{Enphiviica, October 2005, p. 289). “This is
a breakthrough in plant breeding,” notes

Seeing green. Extra yield from hybrid varieties of pigeon pea could raise
the income of farmers, such as these pea farmers in Eastern Kenya,

Latha Nagarajan, an agricultural economist
at the International Food Policy Research
Institute in Washington, D.C. “The possibil-
ities are endless.”

Starter seed

Of some 300 hybnds tested so tar, the best
called ICPH 2671
pigeon peas per hectare—48% more than a
widely used variety known as Murati, *It’s a
quantum jump in vield” savs Swaminathan,
who thinks that yvields could even be dou-
bled with improved cultivation and pest
management. He notes that legumes require
carcful attention to phosphorus, and Indian
so1l 15 often poor in micronutrients that
pigeon pea needs, such as zine and boron, so

vields up to 3 tons of
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educating farmers about soil nutrition will
be important.

In addition to yvield, Saxena sayvs that this
hybrid also does better against drought and
resists diseases bewer than do the standard
lines. *This system that Saxena has developed
will benefit the small subsistence farmers and
consumers,” says Sharad Phatak, a horticul-

turist at the University of Georgia, Tifton. If

15% to 20% of the acreage is planted with
hybrids, he reckons, it might take care of the
pigeon pea shortage.

There is. however, a downside: Unlike
traditional varieties, hvbrid seed must be
bought every year, because only the first
generation has the hwbnd vigor, Most
ofthose seeds will come from compa-
nies. which makes some observers
worry that small farmers won't be
able to allord them. ICRISAT has pro-
vided the male sterile system. which
is in the public domain, to a consor-
tium of 13 Indian seed companies so
that they can create their own hybnd
pigeon pea varieties. Several compa-
nies are also preparing to sell ICPH
2671, and Saxena estimates that the
seed will cost about 53.25 a kilo,
about 30% maore than standard culii-
vars, He saysat’s likely that some gov-
ernment agencies will sell the seed at
hal f price to poor farmers.

Swaminathan isn’t aking any
chances, however. His foundation.
based in Chennai, is beginning a proj-
ect to train women to produce the
hyvbrid seed themselves from ICRISAT
seeds, Beginning in June, agronomists
will go to villages about 180 km south
of Chennat and weach some 100 women,
mostly the wives of subsistence farm-
ers. The goal is for them eventually 1o
sell hybrd seed in their neighborhoods.
“The principle is social inclusion and
technology access for all” Swanunathan says,
“You can keep the cost of seed low and increase
emplovment in villages.”

Meanwhile. Saxena, now 38 and 2 vears
from retirement. spends half his time pro-
moting the sterile lines to breeders at univer-
sities and companies, as well as encouraging
Farmers to try them out. He's also involved in
promoting the use of pigeon pea in other
countries, such as China, where it's used in
several ways but mainly as a quick fix for soil
erosion. Although Saxena’s work may not
trigger the dramatic agricultural revolution
that he witnessed at the beginming of his
career, it could still improve the lives of hun-
dreds of millions of people.

-ERIK STOKSTAD
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NIH Funding: What Does the Future Look Like?

STRATEGIES TO SUPPORT AND FUNDTHE NATIONAL INSTITUTES OF HEALTH (NIH) NEED TO BE AIMED
not only at mitigatng the long-term effects of the current budget woes, as Elas Zerhoum elo-
quently articulated in his Policy Forum “NIH in the post-doubling era: realities and strategies™
(17 Nov, 2006, p. 1088), but also at creating a sustainable model for what NIH does best: indi-
vidual investigator-initiated research. Although the numbers cited by Zerhouni regarding unso-
licited, independent grant mechanisms are reassuring, the Federation of American Societies for
Experimental Biology (FASEB) 1s concerned that slow erosion of this pool, by internal and
external pressures, may ultimately dimimish NIH's ability to fund this extraordinarily success-
ful pathway 1o discovery.

Congress has been supportive of the establishment of new centers, as
Zerhoum himsell has said, as well as imitiatives like the growth of the
Common Fund. The fiscal year 2007 funding resolution specifically
directs tunds for the National Children’s Health Initiative. a dangerous
precedent that could leave some NIH Institutes struggling to fund addi-
tional research. Regardless of the merits of any of these projects or mech-
anisms, it is indisputable that over time the piece of the NIH pontfolio ded-
cated o mdependent investigator-iitiated research will grow smaller. We
need o very carefully consider the wisdom of such allocations at a time of
extreme fiscal constraint,

FASEB fully agrees with Zerhouni’s analysis pointing o increases in application numbers, fat
tederal budgets. and inflationary pressures as the major lactors in creating the current anxiety-
inducing emvironment. Moreover. we applaud and echo many of the strategies proposed: protect-
ing new investigators, improving peer review, and communicating the value of research to
Congress and the public are basic principles the scientific community should give the utmost con-
sideration. However, as NIH contemplates how to spend what little funds they have available and
as Institutes go through the “strategic prionty setting” described by the Director, it 1s imperative
that they contemplate the long-term elfects on the ability of creative scientists to pursue great
ideas. Individual investugators have sustained and driven our scientific enterprise for centuries,

and the scientific enterprise, in turm, needs to sustain their productivity, LEO T. FURCHT

President, Federation of American Societies for Experimental Biology (FASEB), 9450 Rockville Pike, Bethesda, MD
20814-3998, USA.

IN HIS POLICY FORUM, ELIAS ZERHOUNI
attributes the current grant crisis to the infla-
tion in resecarch project grant values (=30
since 1998), increased demand resulung
from an expansion of the faculty ranks
nationwide, and a flat NIH budget. For many,
these Facts are obvious, bul 50 100 is the fact
that the NIH budget did double and the
enhanced grant values were administratively
permitted by the very agency that is now
struggling to deal with the unanticipated
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consequences of the decision. One wonders,
therefore, whether sufficient long-term plan-
ning accompanied the euphoria resulting
from the increase in funding for biomedical
research that resulted from the doubling per-
ol { 199820003,

The most commonly expressed concern by
academic faculty 15 the admimstrative status
of the ROl-equivalent gramt (/). Although
Zerhoun restated the agency s commitment 1o
imvestigator-imitiated research. the data posted
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by the Office of Extramural Research paint a
different picture (7). The funding, in dollars,
for RO L-equivalents increased between 19493
and 2005, but the percentage these dollars rep-
resent relative to the toa] NIH grant budget has
been steadily decliming. As of the end of fiscal
vear 2005, the ROL-gquivalent represented
12% less of the overall grant budget relative to
1998, the vear the NIH budget began to double,
Durimg this same period, there has been an
increase in the total number of awarded grants,
but these increases did not nclude a sustained
increase in the total number of RO1-equiva-
lents awarded. There was a brief penod of in-
crease in the awarding of Ril-equivalents
between 2000 and 2003, but this increase was
all but erased by 2003, This
means that most of the
sustained increases in the
number of NIH
were 1n non-R0 | -equiva-

lent categories. Moreover,

awards

the number of new investi-
gator ROT-equivalent grants
has remauned essentially un-
changed since 1981, includ-
ing the doubling period
194982003, Thus. although the doubling of the
budget signiticantly increased the total funds
for research, the ncreases appear to have been
targeted away from new mvestigators and, o a
lesser extent, away from the ROT-equivalent
isell. {.'n"||l..'l..'ll'\1.‘|}. these abservations raise
guestons about the NIH S commitment o mves-
tigator-initiated rescarch, i.c., the ROT-equiva-
lent. The problem today 15 not that there are too
few funds available—we have nearly twice the
funds we had circa 1998, Rather. we have to rec-
ognize what grant funding means o the careers
ol academic faculty and that the current cnsis s
destroying the careers of people and not just
canceling grants, and we must really rethink
how best to distribute the funds we do have to
sustain the careers of nstitutional scientists
nationwide. We must, in short. manage the
money better and distribute funds differently as
wi look forward, Anincrease i the NIH budget

should have led o a sustained expansion of

research conducted by indmvidual mvesngators.

Instead, many of us are tearing down significamt

elements of our PROETAITES JUSE 1O S0y Ve,
MILTON H. WERNER

WIWW. SCIencem aq.0rg
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Laboratory of Molecular Biophysics, The Rockefeller
University, New York, NY 10021, USA. E-mail: mwemer@
rockefelleredy
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IN HIS POLICY FORUM, ELIAS ZERHOUNI
rejected the 1dea that the NIH Roadmap
detracts resources from unsolicited invesn-
gator-imitiated proposals (RO1 ). arguing that

this program 1s onlv a small percentage of

the total NIH budget and that it supports
some R ls grants. This is not the case. The
tvpe of ROIs o which Zerhoun refers
responds o various special initiatives and
program announcements ( PAs) covered under
the umbrella of the Roadmap, Since the
topic of investigation for these ROls is
decided by the NIH administration, they do
not it the definition of unsolicited invest-
gator-iniiated proposals. On the contrary,
the success rate of true investizgator-initiated
grants has decreased dramancally, while
NIH continues to promote multiple special
programs through the ROl award mecha-
nism. Consequently. il an appropriate bal-
ance between NIH-solicited- and mvestiga-
tor-initiated proposals is lost. the scientific
community risks disenfranchisement of 1ts
role in guiding scientific directions.

From fiscal years (FY) 2003 to 2005, the
number of dollars awarded tw ROls has
decreased by 5142 million for unamended
apphications and by $131 million for renewal
applications (/). In stark contrast, the budget
tior the Roadmap has doubled by 5203 million
from FY 2002 to FY 2007 (2). The biodefense
program 1s also an expanding priority in the
MNIH portfolio, with a total budget increase of
$110 million for FY 2007 and $182.6 million
spent on construction inside the NIH campus.
Furthermore, NIH promotes, at the cost of sev-
eral hundred million dollars, a number of spe-
cial funding initiatives that favor “large-scale
Pishing expedinons,” such as genomie and pro-
teomic analysis. As an example, the Cancer
Cienome Atlas program has a budget of more
than %100 million. Therefore, in spite of a
flat budget. NIH sull manages to increase
resources for multiple programs. Disappoint-

WWW.SCIeEnNCemadd.org
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ingely, President Bush’s FY 2008 budget request
for NIH represents an actual cut of 1.7% (3),
forecasting a further decline in success rates
for RO1s. Furthermore, pavline levels have
remained significantly lower than they were in
the past. This s creating disturbing discrepan-
cies in the grant review process. Unlike a few
vears ago, today, applications ranked as scien-
tifically outstanding may fall in a percentile
range that 1snot funded. Appheants and review-
ers no longer see a connection between scien-
tfic ment and actual awards, and merntorious
projects suffer fatal delays in funding. This
15 deleterious to the scientfic progress, Thus,
effective adjustments should be made to 1m-
prove pavline levels and w wuly address the
problem of the loss of funding of unsolicited
RO proposals.

Zerhoum outlines multimillion-dollar fund-

ing strategies to preserve future generations of

voung investigators, which also utilize the ROI
mechanism. The problem here is that new and
existing RO1s are currently slashed with severe
administrative cuts, endorsed by NIH to fund
more grants. The new investigator typically has
one ROL, upon which the salary of personnel,
hisher stipend. and supplies all depend. In only
four vears, however, the “no longer new™ inves-
ugator will compete with senior scientists for
renewul. Chances of success are not very high.
-”‘.Il:i SOCTEITNY ."I!‘.II‘.IJ[L‘:& Loy Senor II‘I\'C.‘\'[I\'_-..H[U!I!’.H ds
well, who see severe reductions of their budget.
Thus, since there is no strategy to keep young
mwestigators in business once they mature, the
initiatives in Grvor of this category of scientists
are expensive, but short-sighted. The anemic
budgets awarded by NIH hamper everyone’s
ability to realistically perform research, Hence,
the vicious cycle: less money is awarded per
single grant, and fewer grants are available per
single investigator, which begs for more grant
writing eftorts, This turther saturates the sys-
tem by increasing the load of submissions and
negatively  impacting upon success rates,
Zerhoum does not explain how his proposals
solve this ill-fated Catch-22.

Zerhouni states that the mission of the spe-
clal funding initiatives promoted by NIH today
15 to preserve high-nsk. ligh-impact science. |
believe that this kind of science is best served
when it comes from within the scienatic com-
munity. In the posidoubling era, the expansion
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of the Roadmap and of similar funding initia-
tives comes at the price of curtailing vital
resources for the unpredictable. creative think-
ing of scientists of all categones, Thus, the

question is, who should decide what area of

investigation is worth pursuing and which is
destined to advance science? Unfortunately,
the NIH leadership falls short in the credible
intention of maintaining an acceptable balance
between its own special funding initiatives and
investigator-miteted proposals, Changes could
and should be made. For example, call for an
open discussion that will allow the active scien-
tific community to have a more direct role in
the way NIH priontizes the disinbution of its
budget and reduce as much as necessary the
number of special funding imitintives. These are
the kind of measures that should help put some
money back where it truly belongs: mthe pock-
ets of free-thinking scientists at all types of aca-
demic instinutions.

MARIA LAURA AVANTAGGIATI*
Lombardi Comprehensive Cancer Center, Georgetown Uni=
versity, Washington, DC 2007, USA; and Permanent Mem-
ber of the Drug Discovery and Molecular Pharmacology

Study Section, OMP, NIH. E-mail: ma3ad@geargetown,
edu

*The apinions contained herein represent the opinions of
the indhidual author and do not necessarily represent the
opinions, policies, or practices of Georgetown University or
the Lombardi Comprehensive Cancer Center.
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Response

| WOULD LIKE TO THANK THOSE WHO TOOK
time to respord to my Policy Forum about the
challenges facing NIH and its scientists. Some
would prefer to dedicate the NIH budget
to unsolicited investigator-initiated RO
research, and others feel that NIH should
increase its focus on larger programs, includ-
ing clinical trials and tanslational research,
Clearly, the answer lies somewhere in be-
tween. IF NIH strayvs too Far from fundamental
research or fails o fund more applied science,
we will lose what makes NIH successful
new scientific insights and knowledge that
improve health. NIH thnves by promoting
diverse approaches to science and health,
based on wide-ranging input and review by
scientists. However, the majority of our invest-
ments are and should remain focused on basic
research. i.e.. long-term research that has a
high potential for impact,

NIH leadership 15 deeply concemed about
RO funding levels and dropping success rates,
Of note, the difference in success rate between
solicited and unsolicited grants has remained
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constant through the doubling, however, unso-
hicited grants have always been higher. We must
preserve the strength of the unsolicited vesti-

gator-initiated RO1 program as the backbone of

discovery. Today. the RO program is the largest
program at NIH. in both dollar amounts and
number of grants funded. In absolute dollars,
the ROI program has grown the most—the total
number of dollars awarded w RO1s has almost
doubled in recent vears. growing from $5.3 bil-
lion in 1995 to 510.1 billion in 2006. The rate of
increase slowed following the doubling of the
budget. vet during the period between 2003 and
2005 the RO wtal funding sull increased by
S500 million.

However, for NIHs overall mission o
succeed. NIH complements RO1s with other
investments to {11l knowledge gaps and fund
emerging areas of science. We consistently
reach out to the scientific community to help
inform our decisions as to where the R0
mechanism cannot meet the needs of science
or scientists, The NIH Roadmap sumulated
much discussion in this regard. It 1s not one
large imtiative created from the wp down, bt
is composed of several hundred highly com-
petitive awards that emerged from extensive
discussions with working scientists at large.

We also recognize that it is important that
the size of grant awards nse i parallel with
biomedical research inflation. This long-term
strategy allows researchers to maintain their

purchasing power. This said, in the face of

unrelenting budget constraints, we made the
difficult decision to reduce all noncompeting
Research Project Grant (RPG) commitments
by 2.35% in FY 2006 and 3.0% in FY 2007.
frecing up an estimated $1.35 allion over the
lifetime of these grants to Invest in more com-
peting RPGs, including RO1s,

Science is about people. And current con-
straints are putting some categories of scientists
at particular nsk. We strongly advocated for the
next generation of scientists through new grant
programs for new investigators{ /), and this year
we are working to support first-time and more
established mwvestigators who are at nsk of Jos-
ing their laboratories because they receive
review scores on their RO renewal applications

Letters to the Editor
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that are near but bevond the pavline (2},

We are delighted that Congress increased
the FY 2007 budget by $687 million. In total,
wee are now able to support more than 10,000
competing RPGs, 1000 more than in FY 2006,
Yet. the nation still faces daunting scientific and
health challenges. We should strengthen our
common efforts to speak out about the impor-
tance of medical researchto the nation’s health.
The fundamental problem for the research
community is the loss in purchasing power rel-
ative to the ever-increasing scope of research
needs and demands. As scientists, we need to
express a broad, compelling vision for the
future of science, health, and medicine ifwe are

1o sustain NIH 'S noble mission. A recent vote of

renewed confidence in NIH by Congress
through the NIH Reform Act of 2006 permits
sOme optimism, ELIAS A. ZERHOUNI

Director, National Institutes of Health, 1 Center Drive,
Bethesda, MD 20892-0148, USA.
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Are There Too Many
Scientists?

IN THEIR LETTER "DECLINES IN FUNDING OF
NIH ROI research grants™ (8 Sept. 2006,
p. 1387). H. G. Mandel and E. 5. Vesell reiter-
ated the widespread concern that the low level
and recent decling in funding NIH ROT grants
has long-term negative consequences for the
future quality of science. Weinberg has also
commented that the shilt away from funding
small, independent research groups is detri-
mental to the progress of science ([). | agree
with these sentiments, but there is another side
to the funding issue: Are there too many peo-
ple trying to do science?!

[n both the United States and Canada, the
budgets of the major national agencies that
fund biomedical research have more than dou-

bled during the past decade. At least some of

that money has made 1t to the pool that sup-
ports investigator-initiated research, yvet excel-
lent proposals from excellent researchers are
still not being funded, and the situation has
become worse in the past vear (2). We could
lobby for anather doubling of the funding, but
[ see no reason to expect the outcome 1o be dif-
ferent: The wotal amount of science would
increase. but the probability of continued
funding and the perceived desirability of sci-
ence a5 a career would not.,

[s there a point at which a society 15 doing
enough science? 1s science so important that
we should always want to increase the rate at

which we doit? Or is it like almost every other
governmeni-funded activity, where the propo-
nents always want more even if we are not sure
that more is better”? If there were only 100 sci-
entists applying for RO grants each vear, there
would be widespread agreement that this is not
enough to sustain a vibrant research enterprise:
il there were a hundred million, even the most
ardent supporters of research would agree tha
this is too many. The right number, or range of
numbers, must be somewhere in between. We
could lobby to keep doubling the funding and
hope to reach the point where all of the good
science was being funded. However, if funding
for science is like funding for medical care,
education, or war, there is no precedent o
expect that increases m funding will ever match
the ability to spend the funds, for beter or
worse, Alternatively, or i addition, if we don’t
like the model of funding that we have created,
we should debate the ments of limitung the
demand Tor research grants rather than just
increasing the supply of money,

RICHARD A. COLLINS

Department of Molecular and Medical Genetics, University
of Toronto, Toronto, ON M55 1AB, Canada.
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Fishing for Good News

IN THEIR REPORT "BIOMASS, SIZE, AND TROPHIC
status of top predators in the Pacific Ocean™
(15 Dec. 2006, p. 1773), 1. Sibert er af. consider
the effects of fishing on certan top predators in
the Pacific Ocean. The bad news in their Repon
is that two large and extremely valuable wna
species have declined steadily and that the
proportion of large fish has been reduced by
80%. The good news is that two smaller and
significantly less valuable tunas and a commer-
crally irelevant shark have enther not declined
or have increased shightly. Sibert eral, conclude
that the impact of fisheries on Pacific top pred-
ators 15 “not catastrophic™ and that fishing has
had only “minor impacts™ on pelagic ecosys-
tems. Both conclusions merit reexamination.
When are we to consider the impacts of a
fishery to be catastrophic? Fisheries managers
from eastern North Amenca. unfortunate wat-
nesses to the collapse of some of their most
valuable top predator fisheries. no doubt look
enviously west at the Pacific. But must our
definition of a fisheries catastrophe be an
empty ocean! We are all starved for good
news from the seas. However, | would argue
that we have hittle reason 1o rejoice over news
that the Pacific’s most desirable tunas are
becoming smaller and less numerous as their
diminutive, less valuable, and less palatable
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It is impossible to evaluate Siberter al. s sec-
ond conclusion because no data are presented
on how fishing affects the Pacific “ecosystem”
bevond their top predator assessments. To
understand the impact of a fishery upon an
ccosystem, we need information on how it
influences lower trophic level orgamisms, pn-
mary productivity, and ecosystem processes,
This is a tall order for the Pacific Ocean.
However, because it has long been known that
top predator depletions can dramatically reorder
marine ecosystems (1, 2). it is difficult, without
evidence, to be convinced that removing 30 mil-
lion tons of the Pacific’s wop predators has had
only minor effects, DOUGLAS ). MCCAULEY

Hopkins Marine Station, Stanford University, Pacific Grove,
CA 93950, USA
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Response

MCCAULEY'S CONCERNS REST ON INACCU-
rate assumptions and reflect unfamilianty with
fisheries management and wuna fishenies in par-
ticular. Contrary to MeCauleys implied claim
that species other than bigeye and yvellowfin
tuna are of little value, skipjack tuna is the
mainstay of the global canned tuna industry,
providing an inexpensive source ofhealthy pro-

tein for millions of people (/). Furthermore,
blue shark is an abundant and important top
predator, with annual longline catches in
the western and central Pacific of 40,000 to
100,000 10ns over the past decade ( 2), easily the
largest component of the nontuna catch.
Reexamination of the structure and func-
tion of the oceanic ecosystem of the Pacific
Ovcean should be a top research priority (3).
The ecosystem effects of fishing are generally
difficult to evaluate, and there are no widely
accepted indicators of them (4). More exten-
sive investigations than ours of ecosysiem
structure in the open ocean have shown that
lower trophic levels are surprisingly insensi-
tive o reductions in top predator biomass; the
expected control of food web structure by top
predators has been difficult to establish (5).
Decreased average size and reduced bio-
mass are two textbook examples of the effects
of fishing on exploited populanons, Exploiting
a fish population will reduce both abundance
and the average sizes of individuals in the pop-
ulation. Further, optimal management for vield
of a single species will substantially reduce the
size of the exploited population. Our results
indeed show that the abundance of fish larger
than 175 emis about 20% of what it might have

been in the absence of fishing. However, fish of

this stze were never very abundant, comprising
only about 4% of the biomass in the 19505

CORRECTIONS AND CLARIFICATIONS

Reports: W virus in a fungus in a plant: three-way symbiosis required for thermal
tolerance” by L. M. Marquez ef al. {26 Jan., p. 513). On page 514, in the legend to
Fig. 4, the colors of the histogram are inveried: The number of dead plants is bladk,

and the number of alive plants is white.

b= "
Reports: “From plant traits to plant communities: a statistical mechanistic approach - (;ﬂ_ _Z kL ,.‘)
to biodiversity” by B. Shipley et al i3 Nov. 2006, p. 812). In the denominater of ) -

Eq. 5 on page B13, the expression in the parentheses should have been set as an 9 B

exponent of e. The correct equation is af right.

TECHNICAL COMMENT ABSTRACTS

CommenT on “Wetland Sedimentation from Hurricanes Katrina and Rita”
Torbjorn E. Tornqvist, Chris Paola, Gary Parker, Kam-biu Liu, David Mohrig, John M. Holbrook,

Robert R. Twilley

Tumer ef al. (Reports, 20 October 2006, p. 449) measured sedimentation from Hurricanes Katrina and Rita in coastal
Louisiana and inferred that storm deposition overwhelms direct Mississippi River sediment input. However, their annu-
alized hurricane deposition rate i overestimated, whereas riverine deposition is underestimated by at least an order of
magnitude, Their numbers do not provide a credible basis for decisions about coastal restaration.

Full text at www.sciencemag.org/cgifcontentfull3 16/582 2201

Response To Comment on “Wetland Sedimentation from Hurricanes Katrina

and Rita”

R. Eugene Turner, Joseph . Baustian, Erick M. Swenson, Jennifer 5. Spicer

Tarngvist ef al. accept the usefulness of our data but confuse hurricane landfall location with hurricane storm surge
impacts, misrepresent our data interpretation, and misattribute conclusions to our study. Our study did not attempt to
address the overall effectiveness of river diversions used for management purposes. We agree that river mouth sedimen-
tation is an important gealogical process that may lead to marsh colonization.

Full text at www.sciencemag.orgicgifcontentfulli3 16/582 27201
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i(fig, S3). The levels w which abundance of
some species have been reduced are capable of
supporting maximum sustainable vield (MSY),
even though they are less than 40% of what the
biomass might have been in the absence of
fishing. Of more immediate concem is that the
levels of fishing mortality to which some
species are currently subjected will ulomately
cause declines to well below MSY abundance.
Whether MSY is an appropriate standard foran
ecosysiem approach o fisheries is another
question that 15 under ivestizaton and debate
in many ecological research centers.

The purpose of our article was not to con-
trive good news. Rather, we strived for an accu-
rate view of the satus of wna stocks and their
management in the Pacitic Ocean. Our purpose
was to show that the interactions between fish-
eries and the pelagic ecosystem are complex
and not easily summarized in Dashy, often
exaggerated. headlines (6) proclaiming the col-
lapse of ocean ecosystems and the end of [ish-
ing. Effective conservation measures must con-
sider this complexity. We show that some
stocks of wna are being exploited at excessive
rates. This fact and potential remedies for the
problem are well known to scientists serving
the agencies charged with regulating tuna fish-
eries. These agencies need to Fulfill their re-
sponsibility to implement effective science-
based regulations to maintain these stocks,

JOHMN SIBERT,! JOHN HAMPTON,?

PIERRE KLEIBER,® MARK MAUNDER*

Yaint Institute for Marine and Atmospheric Research,
University of Hawaii, Honolulu, HI 96822, USA. ‘Oceanic
Fisheries Programme, Secretariat of the Pacific Community,
BP D5, Noumea 98848, New Caledonia. *Pacific Islands
Fisheries Science Center, National Marine Fisheries Senvice,
National Oceanic and Atmospheric Administration, 2570
Dole Street, Honolulu, HI 96822, USA. *Inter-American

Tropical Tuna Commission, 8604 La Jolla Shores Drive,
La Jolla, CA 92037, USA.
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How Best to Look Forward?

M. Bruce Beck

n 1999, pandemonium broke out inthe nor-

mally quiet world of environmental fore-

sight in the Netherlands. Its National Insti-
tute for Public Health and the Environment
( RIVM), officially charged with preparing the
country’s State of the Environment reports, was
publicly accused of lies, deceit, and shoddy
workmanship with its computer models—by
one of its own statisticians (/). The affair
became front-page news, received prime-time
coverage on elevision, and provoked questions
and debate in the Dutch parliament. Should
geologists Orrin Pilkey and Linda Pilkey-Jarvis
enjoy such exalted company as a result of any
rumpus arising from Useless Aritfmeric! D have
mixed feelings about that —very mixed, in fact.

I am for the use of quantitative models,
which this book is not: not in managing ish
stocks across the Grand Banks off Nova

Scotia, in coping with beach erosion and

coastal change. in assessing the secunty of

long-term storage facilines for radionuclide
wastes under Yucca Mountain in MNevada,
nor in any of the other case studies through
which the authors focus their assault on
such models. Yet, along with the authors, |
am allergic o suggestions of our achieving

models as truth-generating machines. of

virtual realities eliding (in our minds) into
realities. Yes, let our quest for explanation
be drawn along by this ever-receding hori-
zon; but let us not be deluded into thinking

The reviewer is at the Environmental Informatics and
Control Program, Warnell School of Forestry and Natural
Resources, University of Georgia, Athens, GA 30602~
2152, USA. E-mail: mbbeck@uga.edu
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wee shall ever attain these sunlit uplands,

[ am an CNEMEeEr. MOreovear. and L"J'U"-'I-I.I'I‘I__"
most weary ofengineers being the butt ofevery-
one else’s nbes, as they are in this book, Yet |
know only wo well the ungues-
tioning faith placed in models
and forecasts by some engineer-
ing professionals. about which
the authors justifiably complain.
I would be as exasperated as
they are when the faithful
exclaim: “How can my model
possibly be wrong, when every-
thing of conceivable relevance New York,
has been incorporated into it [JEEEUERES
Thiswas why Leonard Konikow 978023113
and John Bredehoeft pro-
claimed, in the titde of their now=famous 19492
paper. “ground water models cannot be vali-
dared”™ (2): 1o jolt and jar the
blinkered out of their com-
tortable routine and to let this
be known to the public { for
whom the current book has
been written). They did not
do it, I believe, to place a

modeling abhorred by Pilkey
and Pilkey-Jarvis—although
both paper and book throw
down the gauntlet of disprov-
ing a negative title, which
then 15 impossible for anyone
else to pick up effectively.
But since Pilkey and Pilkey-
Jarvis are “aganst” so much
in their book, what are they for?

In his novel Srare of Fear (3), Michael

Crnichton offers this perspective on the state of
play im modeling and forecastng the impact of

climate change on sea levels: “*We need more
people working in the feld in the actual envi-
ronment, and fewer people behind computer
screens.” Pilkey and Pilkey-Jarvis would
agree, although not with Crichton’s “global
warming—trashing novel.” | am for data. too:
first-class modeling demands First-class data,
wherever we can get our hands on them. | won-
der. however, at the authors” notion that some
defintive, well-chosen Neldwork will alone

tree of a model with which to interpret it

climinate the uncertainty and banish the ambi-
guity under which we toil. Dealing with the
environment is not the stufl of laboratory sci-

Predict the Future

by Qrrin M. Pilkey and
Linda Filkey-Jarvis

Calumbia University P
| 07. 246 pp.

moratorium on the kind of

ence. Working on aquatic systems akin to
Pilkey and Pilkey-Jarvis's case study on aban-
doned pit mines {their “giant cups ol poison™).
| have expended substantial funds on acquining
large volumes ol high-quality field data. But |
have vet to find a model capable of interpreting
those data to the point of utter, unambiguous
clarity, There are always surprises and conun-
dra: the uncertainty is ineluctable, and not sim-
ply because of the inadequacy of models.

How will the authors go forward into the
future? For they admire those
who attempt to model the
propagation of invasive plants
through an ecosystem. who
possess humility—apparently
absent from the likes of me
in the face of staggering com-
plexity. They wish fora “quali-
tative world™ populated by
qualitative models, even a
“world without [quantitative]
models™ but with “adaptive
management” mstead.

My world embraces and celebrates them all,
All manner of models. to be chosen (like a set
of wols) to suit the parocular sk, Lav stake-
holders inthe here and now, doimg what they do
best (imagining their worst fears and best hopes
for the future) with their mental models. fuzzy
caleulus, or beliel network models. Webs of
tentative cause-effect couples fed, perhaps, by
bizarre boundary and initial conditions, hence
to deduce a nch heterogeneity of tuture patterns
of environmental behavior—some radically
different from what we have come to know and
love, Quantitative modelers (engineers indeed)
doing what they do best mobilizing the curremt
science base (uncertanties, warts, and ally into
a computational model; thus to assess the plau-
sibility of the imagined futures. under gross
uncertainty: thus to identily what we would
most like o understand much betier, in the here
and now, about the uncertaintics (be they ele-
ments of the science, the policies, or the tech-
nologies) that are crucial to discriminating
between the reachability of our worst fears or
our greatest hopes. Nothing stands still: not
images of the future, nor our qualitative mod-
els. nor our quantitative models. Call this living
in a “recursive predictive world™ [as 1 have
labeled it elsewhere ()], a collective form of
adaptive community learning. We condition
the step we take today on contemplation of
where we might be several steps hence and
revisit such conditioning and contemplation
each and every day. No hint here of forecasting
the state of nature at some point on the globe at
some instant in the future,

If. on reading the ntle of this book, you
clench your fist and punch the air while shout-
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ing “Yes!". you might just stop there. If vou
wring vour hands in despair ot the impossibil-
ity ol picking up the authors” gauntlet. read on
and be frustrated, as 1 was, Be also sore afraid:
for someone, somewhere, sometime will
make mischief for vou with the title.

Today, eight years on from the Dutch
“futures” scandal, no one makes more strenu-
ous efforts than does the Netherlands™ RIVM
to accommaodate and cope with the uncertan-
ties of environmental data and models, hence
to achieve the greatest possible quality in gen-
erating environmental foresight. They had lad
the foundations for so doing long before the
scandal broke.
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DANCE

Fromthe Big Bang
to the Mind

n 4 Barcelona theater a few weeks ago, |

watched a man and his brain dance simul-

taneously. Across a big empty stage. the
man glided between gquadranis defined by a
set of glowing crosshairs. Meanwhile, pro-
jected onto the wall behind lim was an enor-
mous image ol a brain, a top-down cutaway
view divided by similar crosshairs. Each time
the man drifted o a new place
on the grid, a splatter of red Orion
h]‘lin'lh.'hl..‘h danced across the
braim into a new pattern.

The man was Cese Gela-
bert. one of Spain’s most cele-
brated choreographers, The
seene was the signature solo
performance within a dance
called Orion, which he cre-
ated for the Barcelona festival
ol science. The brain was
indeed Gelabert’s, and it was
intimately observed by Oscar Vilarroya, a
neuroscientist at the Autonomous Univer-
sity of Barcelona, using functional magnetic
resonance imaging (IMRI). Long before the
performance, Vilarrova loaded Gelabert into
an tMRI magnet and plaved a recording
of the accompanying music. The device
tracked the evolving pattern of oxygen con-
sumption by Gelaberts hungry brain cells as

arion.htm

by Cesc Gelabert and
the Gelabent-Azzopardi
Dance Company

Teatre Lliure, Barcelona,
Spain. 22 February

4 March 2007
www.gelaberta zzopardi.
com/pagines/english/

he imagined himsell going
through the motions—and emo-
tions—of his dance.

This collaboration between
artist and scientist is a long-
standing one, About once a week
tor more than a year, Gelabert and
Vilarroya met for an ongoing con-
versation. The seed of inspiration
wias the fact that consclous expen-
ence emenes—somehow, astound-
ingly—from 1.3 kilograms of wet
flesh. From that starting point,
they rode the reductionist roller-
coaster backward in time: 1T the
mind comes from the brain, where
does the brain come from? If the
brain is the result of a genetic blue-
primt for winng up neurons, then where did the
neurons and the blueprint come from?!

For most of us, the conversation ends when
someone notices the hight of dawn and sighs,
but Gelabert and Vilarrova never dropped the
thread. Their discussion of evolutionary biol-
ooy led o DNA, and thence 1o chemical evo-
lution on the early Earth, And they kept nght
on going: from the cooling of our planet to the

formaton of our Sun: from the aggregation of

galaxies to the First atoms, the fundamental

particles, cosmic inflation, and finally, of
course, the big bang. It is a measure of

Gelabert’s insatiable curtosity and ambition
that he set out o tell the story of this conversa-
tion i reverse, inits entirety, through dance.
The performance begins gorzeously. Lights
up on seven dancers, As a solo harpsichord
arpegeiates out the prelude to Handel's Suite
Number Three, the dancers create a zo0 of pair-
wise interactions, encapsulating the behaviors
of the fundamental particles.
{ Don’t ask which specific parti-
cles are represented by that
resounding slap to the buttock
of a stony-faced woman
we e not meant to.) With the
rules of play suggested, the
lights go suddenly dim and
bloody as the theater’s ably-
equipped sound system pro-
duces what can only
described as an underground
nuclear test played in ultra-slow
motion. What makes the ensuing scene work is
that we’re not allowed to catch our breath. As
the dancers bring the rapidly evolving universe
imto beme, they seem o say: “There s too much

hl{'

to tell, sojust watch!” The effect is enhanced by
a senes of mimimalist ammations, designed by
the Spanish flmmaker Paco Perian, that pro-
vide myopic snatches of the sor of rajectory
data produced by particle collisions.
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From here, we dance through the history of

the universe along a logarithmic scale. By the
time we reach the midpoint, we've already
seen inflation, solar systems, complex mole-
cules, cells, and multicellular organisms, and
judgmg by the sound of bird song in the dis-
tance, were past the Cretaceous by the inter-
mission. The final act is devoted to the pasi
few million vears of human evolution, both
anatomical and cognitive,

Gelabert is at his best when he keeps the
concept abstract, allowing us 1o focus on the
performance. At times he beats us over the

head with literalism: During a footrace
between knuckle-walking dancers, the losers
curl up and play “extinet”™ whale the survivors
eradually stand erect. { And just in case you
haven™t gotten 1t Permans mereasingly dis-
tracting projections include pictures of pri-
mates, rock art, early weapons, and so forth.)
Another source of frustration 1s that Gelabert
never settles on a consistent mode of expres-
sion. What begins as dance eventually slides
into mime and clowning, such as the delight-
ful conga line of DNA dancers who replicate a
series of gestures as mutation sets in By the
end. Gelabert has abandoned dance and relies
on props: A woman peels herself out of a full-
body condomand collapses in a melodramatic
ending that is pure performance art.

These gripes aside. my maim complaint
about Orion is that it offers too much of a
ool thing. The dance 15 divided into thirds:
“matter, life, the human being.” Once
expanded. each of these sections could have
formed a successful composition on its own.
Gelabert’s aim was to capture the thrill and
mystery of the scientific worldview.
Although the overall effect left me wanting
less, not more, he does pull 1t oft in many
shining moments.

=JOHN BOHANNON
10.11 26/ ience. 1141808
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Environmental Monitoring
Network for India

P.V. Sundareshwar,® R. Murtugudde, G. Srinivasan, 5. Singh, K. J. Ramesh, B. Ramesh,

S. B.Verma, D. Agarwal, D. Baldocchi, C. K. Baru, K. K. Baruah, G. R. Chowdhury, V. K. Dadhwal,
C.B.S. Dutt, J. Fuentes, Prabhat K. Gupta, W. W. Hararove, M. Howard, C. 5. Jha, S. Lal,

W. K. Michener, A. P. Mitra, J. T. Morris, R. B. Myneni, M. Naja, R. Nemani, R. Purvaja, 5. Raha,
5. K. Santhana Vanan, M. Sharma, A. Subramaniam, R. Sukumar, R. R. Twilley, P. R. Zimmerman

An integrated monitoring system is proposed
for India that will monitor terrestrial, coastal,
and oceanic environments.

nderstanding the consequences of glo-

bal environmental change and 1ts miti-

cation will require an integrated global
effort of comprehensive long-term data collec-
tion, synthesis, and action (/). The last decade
has seen a dramatic global increase in the num-
ber of networked monitoring sites. For exam-
ple, FLUXNET is a global collection of =300
micrometeoralogical terresinal-flux research
sites (see Fgure, right) that monitor luxes of
CO.,. water vapor, and energy (2~ ). A similar,
albeit sparser, network of ocean observation
sites 1s quantifving the Muxes ol greenhouse
pases (GHGS) from oceans and their role in the

Current monitoring sites in FLUXNET. Sites are shown in red, and global representativeness is estimated by

global carbon cycle (5, 6). These networks are
operated on an ad hoc basis by the scientific
community. Although FLUNNET and other
observation networks cover diverse vegetation
types within a 7075 o 30°N latitude band ( 3)
and different oceans (5, 4), there are not com-
prehensive and reliable data from African and
Asian regions. Lack of robust scientific data
from these regions of the world 15 a serious
impediment to efforts to understand and miti-
mate impacts of climate and environmental
change (3. 7).

The Indian subcontinent and the surround-
ing seas, with more than 1.3 billion people and
unique natural resources, have a significant
mpact on the regonal and global emvironment
but lack a comprehensive environmental ob-
servation network. Within the government
of India, the Department of Science and Tech-
nology (DST) has proposed filling this gap
by establishing INDOFLUX, a coordinated
multudisciplinary environmental monitor-
ing network that integrates terrestrial,
coastal, and oceanic environments (see
figure, right).

In a workshop held in July 2006 (5). a
team of scientists from India and the United
States developed the overarching objectives

for the proposed INDOFLUX, These are to ﬂ

The authors were members of an indo-1.5. bilateral
workshop on INDOFLUX. Affiliations are provided in the
supporting online material.

*Author for correspondence. E-mail: pys@sdsmi.edu
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Global Multivariate Clustering Analysis (24=26). Darker areas are poorly represented by the existing FLUXNET
towers. Environmental similarity was calculated from a set of variables (precipitation, temperature, solar flux,
total soil carbon and nitrogen, bulk density, elevation, and compound topographic index) at a resolution of 4 km.

A

provide a scientific understanding (1) of the
couplmg of atmosphernc, oceanic, and terres-
trial environments in India; (ii) of the nawre
and pace of environmental change in India;

and (111) of subsequent impacts on provision of

ecosystem services, Also, in order to evaluae
what will enable India to sustain its natral

‘g Terresinal

resources, these goals include an assessment of
the vulnerabihity and consequent nisks to 1ts
social and natural sysiems.

Clhimate change wall alter the regional bio-
sphere-climate feedbacks and land-ocean cou-
pling, Although global models reliably predict
the trend in the impact of climate change

on India’s forest resources, the magnitude
of such change is uncertain (¥). Similarly,
whereas all oceans show the influence of
global warming (/#), the Indian Ocean
has shown higher-than-average surface
warming, especially during the last
five decades (/. 12). This warm-
ing may have global impacts ( /3,
f4), even though the impact on
the Indian summer monsoons is
not well understood (135, 16). These
uncertainties highlight the need for
regional models driven by regional data,

As the hvpoxia observed in the Gulf
of Mexico is related to agricultural prac-
tices in the watershed (/7), Indian Ocean
studies also indicate couplings between

mainland activities and offshore and

' A schematic of the INDOFLUX propasal.

Placement of stations reflects different
ot climactic, vegetation, and land-use areas.
Final locations will be determined as
part of the formal science plan.
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coastal ecosystem processes, with characteris-
tics that differ dramatically between the
Arabian Sea and the Bay of Bengal (/8).
Countries in the Indian subcontinent (India,
Pakistan, and Bangladesh) collectively rank
among the highest in the ratio of total popula-
ton to length of coastling, as well as in ratio of
land area to length of coast, This suggests that
land-use effects on coastal processes and vice
versa (Le., sea-level rise), will be extreme. For
developing countries such as India, with a large
rural population dependent on the agriculiural
sector and natwral resources, it 15 Imperative to
implement scientfically informed policy deci-
sions and management strategies (J9),

INDOFLUX will help assess the status of
the environment in the Indian Subcontinent and
surrounding oceans and will create a baseline
from which to evaluate future environmental
changes. India current GHG liability is roughly
I billion metric tons annually (20). India is
presently a non—Annex | couniry in the Kyoto
Protocol of the United Nations Framework
Convention on Climate Change and is exempt
from binding GHG emissions targets, but as it
makes the transition to a developed economy.
its status could be revised. India has called tora
comprehensive, long-term monitoring network
to accurately assess India’s GHG inventory and
its vulnerability and adaptation to environmen-
tal change {20). The proposed INDOFLUX
system will provide a map of sources and sinks
for carbon and GHGs from various Indian
landscapes and will help develop strategies for
mitigating domestic and global emissions,
In addition to assessing the GHG footprint of
ecosvstems in the region. the INDOFLUX
will also help evaluate the impact of environ-
mental change on ecosystem services provided
by them.

The DST has requested about ULS, S50 mil-
lion for the next 5 years to implement the
INDOFLUX network. The money is now ear-
marked in the | 1th S-year plan. However, for
the funds 10 be released, the scientific commu-
nity must present a formal plan to the cabinet
during the current fiscal yvear (April 2007 o
March 2008).

INDOFLUX will build on ongoing national
scientific programs. For example, the India
Meteorological Department has initisted a
climate-related environmental monitoring
program that includes sampling of CO, con-
centrations at various stations. The National
Physical Laboratory and their collaborators
have assessed the GHG tootprint for India
{20). The Bose Institute operates a faciliy
at Darjeeling for a comprehensive study
of the atmospheric environment of the East-
ern Himalayas. Similarly, the Indian Space
Research Organization’s Geosphere-Biosphere

www.sciencemag.org SCIENCE VYOL 316

program collects Nux data for GHGs, mainly w
understand surface-atmaosphere interactions.
The National Institute of Oceanography
has carried out studies of physical and bio-
geochemical ocean processes, and the Indian
National Centre for Ocean Information Ser-
vices has been a parner in the Argo program
(21) w measure ocean emperature and salinity,

Variables for Indoflux Monitoring

Paramelers Terrestrial Marine

Representative environmental variables to be
measured at individual monitoring stations of the
INDOFLUX network. Parameters will be finalized as
part of the formal science plan. PAR, photosyntheti-
cally active radiation,

Most of these efforts occur under the acgis
of various organizations and are not sustained:
furthermore, the data sets generated are often
not integrated. A unique feature ol INDOFLLX
is the intention to integrate different ecosystem
data from the stant. Each station in the network
will monitor several variables (see table, above),
The volume of national-level data generated
will require dedicated and secure data ware-
housing facilities. as well as high-powered
computing facilities to comvert data into predic-
tive insights through dynamic models.

The sustained observation network should
be created in a phased manner under one
agency such as the DST, with support from

POLICYFORUM

other departments and ministries. This will
immediately serve to increase the retun on in-
vestments in similar programs by the panici-
patng agencies. It will also ensure that INDO-
FLUX will be a comprehensive network that
integrates not only the land coasts, and oceans
but also relies on amultigency parmership for
its operation and governance.,

This new program has a critical opportunity
to develop protocols, data and metadata
standards, and cyber infrastructure to ensure
interoperability with other international ob-
serving systems projects. Indeed, the validity
and global relevance of INDOFLUX and other
regional networks is predicated on efficient
reciprocal data-sharing and communication
protocols with global partners in real time.
With the data generated the scientific commu-
nity can deliver the necessary scientific foun-
dation for the development of long-term, de-
fensible government policies to tackle environ-
mental change and to meet our obligations
under intermational accords. The data will sup-
port economic and strategic cooperation and
collective actions inermationally,
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LIGHT Hits the Liver

Garan K. Hansson

therosclerosis, the underlying cause

of most cases of myocardial infarc-

ion, stroke, and gangrene, is the most
common lethal disease in Western societies
and is expected to become the number one
killer globally by 2020( 7). It 15 an inflanmma-
tory disease triggered by the accumulation of
nlasma lipoproteins in the artery wall (2). In
this scenario. lipids cause inflammation.
However, a report by Lo er af. on page 285 in
this issue (3) turns the situation upside-down
by showing that two factors produced by
immune cells—the cytokines lymphotoxin
and LIGHT—cause the amount of lipids in
the blood to increase.

Several studies have implicated the wmor
necrosis factor superfamily of promflamma-
tory eyvtokines in lipid metabolism. Tumor
necrosis factor was discovered not only as
asoluble protein that induces the death
of tumor cells but also as a molecule
{cachectin) that causes hypertriglyeeridemia
and wasting of muscle and fat tissue (4).
These effects are due to s mhibition of the
enzyme lipoprotein lipase, thus limiting the
supply of fatty acids for energy production
and fat storage. These remarkable metabolic
effects of this cytokine did not attract as
much attention as s proinflammatory
actions and its ability to promote cell death.
However, recent findings of tumor necrosis
factor secretion from adipose tissue of indi-
viduals with metabolie syndrome, a condi-
tion predisposing to atherosclerosis, have
focused much interest on the metabolic
action of this evtokine and its cousins ().

Several of the more than 40 members of
the wmor necrosis factor superfamily of pro-
inflammatory molecules are soluble cyviokines;
others are membrane proteins that can ligate
receptors on adjacent cells. There is substantial
cross-talk berween receptors and ligands, Two
members of this family, lymphotoxin and
LIGHT, share many features with tumor necro-
sis factor ( the prototypic family member). such
as promoting inflammation and host defense
against pathogens. and they have been impli-
cated in several nflammatory diseases, includ-
ing rheumatoid arthritis and Crohn’s disease
{#). Two other superfamily members, CD40 and

The author is in the Department of Medicine and Center
for Molecular Medicine, Karolinska Institute, Stockholm,
SE-17176, Sweden. E-mail: goran. hansson @ki.se
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Aninflammatory molecule on the surface
of certain immune cells increases the
concentration in blood of fats associated
with atherosclerosis.

Very-low-density

lipoprateins

Intermediate-
density lipoproteins
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Atherosclerasis

Lipolysis in the liver. Lipoproteins called chylomicrons and very-low-density lipoproteins transpaort triglyc-
erides and cholesterol in the blood. Hepatic lipase assists in the receptor-mediated uptake of these lipopro-
teins into the liver. Triglycerides are hydrolyzed, releasing free fatty acids. Remaining very-low-density
lipoproteins can be converted into low-density lipoproteins that accumulate in arteries and initiate athero-
sclerosis. T cells expressing LIGHT inhibit hepatic lipase expression in hepatocytes, which causes increased
plasma lipoprotein concentrations, and may contribute to atherosclerosis.

OX40L. are involved in atherosclerosis, and
seem to propagate plaque inflammation ( 7. 8).

In contrast to tumor necrosis factor, LIGHT
1s mainly expressed on the surface of T cells
and specialized cells of the immune system
called dendritic cells ( ). Lo er af. observed
that transgenic mice engineered o overexpress
LIGHT on T cells developed hyperlipidemia,
displaving elevated cholesterol and triglyve-
eride concentrations inthe blood. When T cells
from such mice were transferred into normal
mice, plasma cholesterol concentration in-
creased substantially, LIGHT (and lympho-
toxin) bind to the lymphotoxin P receptor but
also to other receptors. By treating mice with
soluble forms of the receptor, to tunction as
“decays.” the authors establish that the hvper-
lipidemic effect of LIGHT depends on the
Ivmphotoxin [§ receptor,

At first glance. it 1s remarkable that a cell
surface molecule expressed by T cells has
such dramatic effects on plasma lipids and
lipoproteins. However, other links between
cellular immunity and lipid homeostasis have
been uncovered. In atherosclerosis, T cells
of theT helper | subtyvpe are acuvated by hpo-
proteins trapped in plagues on artery walls,
thus promoting inflammeation ( /0). Natural killer
T cells, a subset of T cells, recognize lipids

that are displayed in a complex with CD|
molecules on the surface of antigen-present-
ing cells (/). These T cells accelerate athero-
sclerosis (12) and are enriched in the liver. In
the Lo er af. study, treatment with soluble lym-
photoxin 3 receptor did not affect plasma cho-
lesterol concentration in mice lacking func-
tonal natural killer T cells. This subset of T
cells may conceivably regulate lipid home-
ostasis by delivering LIGHT to the liver (see
the Ngure).

The molecular mechanism by which the
Iymphotoxin [ receptor causes hyperlipi-
demia was explored by gene-expression
arrays. Lo er af. tound a dramatic, 20-fold
decrease in messenger RNA that encodes the
enzyme hepatic lipase in the liver of trans-
genic mice that overexpress LIGHT on T
cells. Hepatic lipase acuvity was also reduced
in such mice. but not in transgenic mice that
overexpress LIGHT but lack the lvmphotoxin
B receptor. When normal hepatocytes were
exposed to recombinant LIGHT or to T cells
overexpressing LIGHT, hepatic lipase expres-
sion dropped substantially,

Hepatic hipase 1s expressed on the surface of

hepatocytes in the liver, It promotes the recep-
tor-mediated uptake of plasma lipoprotems that
harbor tnglyeerides and cholesterol and specit-
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ically caalvees hydrolysis of the inglyeerides
(13) (see the figure). Both these actions likely

contribute to the reduction in the amounts of

plasma lipds and lipoproteins observed when
LIGHT signaling is blocked by treatment with
soluble lymphotoxin B receptor.

The functional role of T cell-dependent
control of lipid homeostasis through hepatic
lipase is unclear. Perhaps inhibition of lipoly-
sis reduces the amount of energy-rich com-
pounds available to pathogens and/or redis-
tribute fatty acids to other organs during host
defense. Studies of infections in mice lacking
the LIGHT-lyvmphotoxin [§ recepror—hepatic
lipase axis may provide interesting answers o
these questions,

Lo er al. suggest the exciting prospect
that increasing hepatic lipase expression

with agems that modulate LIGHT signaling
may represent a new therapy for treating of
dyslipidemia. It is even possible that inhi-
bition of signaling by the lymphotoxin 3
receptor could dampen atherosclerosis
by improving lipid metabolism as well as
by reducing vascular imflammation. In
humans, low hepatic lipase activity is assoc-
iated with increased risk for atheroscle-
rotic heart disease (/4). However, pro-
atherogenic as well as antatherogenic
effects of hepatic lipase have been observed,
both in humans and in experimental animal
models, and its biology is not yet fully
understood (/3). Further studies on the
metabolic and cardiovascular actions of
Iymphotoxin, LIGHT, and related family
members are awaited with great interest.

PERSPECTIVES
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Femtosecond Lasers for Molecular

Measurements
Rober P. Lucht

hemists and biomedical researchers
are now using femtosecond lasers 1o
detect and measure molecules in an
increasing number of experiments ( /). This

i5 driven by the commercial availability of

reliable laser systems with pulse lengths on
the order of 100 5, fast repetition rates, and
high energy in each pulse. Taking advantage

ol methods for producing a wide range of

photon wavelengths, researchers can now
expand their use of sophisticated spectro-

scopic detection techniques. On page 265 of

this issue. Pestov ef al. (5) report the detec-
tion of Baciflus subtilis spores (a surrogate for
anthrax). In doing so. the authors have not
only tareeted a substance of vital interest but
have advanced the wider use of femtosecond
spectroscopy for mpid and selective detection,

One of the most powerful techniques for
molecular detection is coherent anti-Stokes
Raman spectroscopy (CARS). In this method,
depicted schematically in the figure, two laser
pulses (historically called the pump and

Stokes pulses) create a coherent excitation of

molecules (called the Raman coherence) in
the sample at ime 1. A third probe pulse inter-
acts with this coherent state at time 1,, creating
a signal (the anmi-Stokes pulse) that can be

The authar is in the School of Mechanical Engineering,
Purdue University, 585 Purdue Mall, West Lafayette, IN
47907-2088, UsA, E-mail: lucht@purdue.edu
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used to map out the molecular resonances that
idenufy a partcular chemical species.
Spectroscopists have used CARS with
nanosecond lasers for decades (6). Typically,
the technigue relies on pulsed lasers with rep-
etition rates of 10 Hz, Femtosecond laser sys-
tems offer the potential for drastic improve-
ments in the capabilinies of CARS diagnosuc
systems. Data acqusition rates of | kHz or
greater can be achieved. provided thata CARS
signal can be acquired with every laser pulse.
Femtosecond laser systems also offer the
potential 1o minimize the nonresonant back-

.......................... [
e ot R T s b
S Q| | Boams
L E E
o4
2330 em 1 G ! G
fy t,

A coherent picture. {Left) Creation of the Raman
coherence at time f, and scattering of the probe
beam to generate the CARS signal at t,. (Right)
Schematic illustration of the pump-Stokes fre-

quency pairs that contribute to the excitation of the Raman coherence for Q=branch transitions in the 2330

cmvibrational band of N,.
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Ultrafast spectroscopic techniques are finding
new applications in molecular detection.

ground and eliminate the effects of molecular
collisions on CARS signal generation,

Pestov er al. describe a hybrid CARS tech-
nique in which a 30-f5 pump and Stokes
pulses are used to induce a Raman coherence
in a tanget molecule. A “shaped™ probe pulse
15 used that has a much narrower band-
width and. consequently. a much longer pulse
length. As discussed by Pestov er af., the
Founer-transform-limited pump and Stokes
pulses (that is, minimum duration for their
spectral bandwidth) are optimal for excitation
of the Raman coherence. In terms of probing

Pump beam
675 nm, 200 cm™*

MR

2330 em-?

> | 2330 em*

L

L

E [
—

Stokes beam
BOO nm, 200 cm™

1

Optical frequency
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the coherence, however, there are numerous
tradeotls in choosing the spectrum. temporal
shape. and time delay of the probe pulse 1o
maximize the resonant CARS signal and min-
imize the contribution of the unwanted back-
ground to the signal. Pestov ef al. find that the
frequency spectrum of the CARS signal as a
function of probe ume delay 1, — 1, contains
information vital for selecuve detection of the
molecule of interest.

The excitation of Raman coherences using
temtosecond pump and Stokes pulses is sur-
prisingly efficient. provided that the pulses are
Fourier-transform-limited. The frequency
linewidths of Q-branch transitions {where the
change in rotational guantum number Al = ()

in the fundamental vibrational Raman band of

N, near room temperature and pressure are
approximately 0.1 em™, a factor of more than
1000 smaller than the 150 em™ frequency
widths of the 100-f5 pump and Stokes beams.
Despite this drastic difference in frequency
widths, there are numerous pump=5Stokes
frequency pairs underneath the frequency
envelopes of the pump and Stokes beams that

are separated by the transition frequency of

2330 em™ (see the figure). 11 the pump and
Stokes beams are Founer-tramsform-limited,
then these frequency pairs will all contribute
to the excitation of Raman coherence with the
same phase thus amplifying the signal. Our
calculations (7) show that for pump and
Stokes irradiance levels of 5 x 10" W/im?, the

Raman coherence is within a factor of two of

its maximum possible value (4),
Once the Raman coherence 1s excited by

the pump and Stokes beams, the probe beam
generates a signal with the desired informa-
tion. The probe beam can be delayed relative
to the pump beams in a controlled manner to
monitor the temporal evolution of the CARS
signal. This technique has been used to mea-
sure, for example, spectroscopic parameters
and line-broadening coellicients for nitrogen
and other molecules ( 9) and gas temperatures
from the frequency-spread dephasing of the
macroscopic Raman coherence (/1))

However, the same information can be
obtained by chirping the probe pulse (/1) and
spectrally resolving the resulting CARS sig-
nal ( /.2): in this case, the temporal decuy infor-
mation 15 encoded in the spectrum of the
CARS signal. Knutsen ef al. (2) used a
chirped probe pulse to obtain high spectral
resolution in the CARS spectra of organic lig-
uid molecules, Pestov eral. use a shaped probe
pulse to discriminate against the nonresonant
four-wave mixing interference. and spectrally
resolved the CARS signal for different probe
delays to take advaniage of both the temporal
and spectral charactenstics of the femtosec-
ond CARS signal.

The impressive work of Pestov er al. illus-
trates the continued rapid development of fem-
tosecond CARS technigques. But femtosecond
laser systems are by no means limited to coher-
ent Raman processes. A diagram similar to
the figure can also be drawn for two-photon
absorption resonances such as the 15-2P
transition in atomic hydrogen, which is of fun-
damental interest in atomic physics. Femio-
second lasers are also widely used for two-

photon-cxcited fluorescence microscopy (13),
Meshulach and Silberberg (/4) used a pulse
shaper to demonstrate quantum control of two-
photon transitions in cesium. Unlike two-pho-
ton absorption experiments with nanosecond
laser systems, entire vibrational bands of mole-
cules will be excited when femtosecond-laser
systems are used, As with femtosecond CARS,
the challenge for researchers will be 1o take
advantage of the charactenstics of femtosecond
laser radiation to develop new methods for
probing these two-photon excited states.
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The Sources of a Lipid Conundrum

Jerold Chun

rom diet to waistline, our cultural pre-

occupation with avoiding fats obscures

the fundamental importance of these
and related molecules in our lives. Even rare
forms of fat have important physiological
consequences. A notable example is the
Iysophospholipids, low-abundance and strue-
turally simple fat molecules derived from cell
membranes. Over the last decade. mechanis-
tic understanding of how these hipids are
bioactive has revealed their expansive in vivo
biology (/). On page 293 in this issue, Pappu
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el al. (2) further develop the story of an
immunomodulatory lysophospholipid called
sphingosine |-phosphate (S1P). By investi-
gating the sources of this lipid, a clearer pic-
ture of its effects on lymphocyte behavior
emerges that may contribute to the develop-
ment of better immunosuppressive drugs.
The cornerstone for understanding the bio-
logical effects of lvsophospholipids was dis-
covering that their actions are mediated by cell-
surface receptors (3. #). This indicated that
lvsophospholipids were not Ivtic (as the prefix
“lyso™ onginally implied). nor were they deter-
gents or constituents of passive membranes, as
had been widely assumed based on their struc-
ture. Rather, these lipids appeared more like

SCIENCE

Distinct sources of a bioactive lipid are needed
for lymphocytes to enter the circulation.
Therapeutic strategies need to take into account
the existence of more than one lipid reservoir.

“keys™ that open (activate) receptor “locks” A
combination of molecular biology and genet-
1cs, on one hand, with lipid biochemistry and
pharmacology. on the other. has identified what
15 now a mammalian family of five S1P and
five lysophosphatidic acid (a related lipid)
receptors that belong to the well-characterized
G protein—coupled receptor superfamily.
Paramount to understanding the in vivo
functions of these lipid signals has been the
use of “knockout”™ mice genetically engi-
neered to lack one or more lipid receptors,
This approach has proved receptor identity
and revealed essential in vivo roles broadly
aftecting physiology, including the nervous,
reproductive, cardiovascular, and immune

www.sciencemag.org




CREDIT: B HUEY/SCIENCE

systems, Without cloned receprors and knock-
out mice. lysophospholipid biology would
likely still be mechanistically ambiguous, just
as it was a decade ago when the first receptors
were identified (4).

Pappu er al. have extended this molecular
genetic approach to study sphingosine kinase-
I and -2, the enzymes that produce SI1P (3).
Although S1P is predominantly synthesized
within cells. it can be released to act as an
extracellular signaling molecule. The authors
found that genetic removal of both enzymes
from hematopoietic, endothelial (vascular and
Iymphatic), and liver cells in a mouse effec-
tively eliminated S1P circulating in the blood
(plasma) and lymph, The resulting physiolog-
ical consequences, including compensatory

(accompanied by embryonic lethality ), thus
demonstrating an essenuial role for these
enzymes in normal S1P production (7). It also
raised the possibility of removing the kinases
(and therefore S1P) at a desired age and
in specific cell types through genetic ap-
proaches. By using a special kind of targeted
mutation, whereby expression of both sphin-
gosine Kinases could be conditionally pre-
vented in hematopoietic cells and vascular and
lvmphatic endothelial cells, Pappu ef af. iden-
tified red blood cells as a major sink for S1P
This was further strengthened in mice lacking
other blood components (platelets or B and
T Iymphocytes). These ammals retaimed nor-
mal blood concentrations of 1P, consistent
with different approaches (8) that also identified

RED BLOOD CELL

=
c1p Plasma

UNKMOWN
CELL TYPE

; ; =
' s1p  Lymph

{Endothelium?)

THYMUS OR SPLEEN

Egress into blood s

-

Egress into lymph

Distinct sources. Sphingosine 1-phosphate (51P) that is produced in distinct locations acts on receptors
(51F,) expressed on lymphocytes harbored in different organs and tissues. This controls lymphocyte move-

ment into the circulation (blood or lymph}.

up-regulation of lymphocyte SIP recepror
expression and a major reduction in lympho-
evie (T cell. and to a lesser extent. B cell)
number in blood and lymph, could be under-
stood based on knowledge of SIP receptor
signaling mechanisms in the immune system.
In other words, by removing the cell’s key-
making machinery (sphingosine kinases), the
Keys are lost and locks stay shut, as expected.
This is an important result because it elimi-
nates nonreceptor mechanisms of S1P acuion
in accounting for a well-characterized aspect
of in vivo biology—the control of circulating
Iymphocyie numbers.

During lymphocyte egress, lymphocytes
leave their immunological “motels™ (lvmph
nodes, spleen, and thymuis) to circulate in the
blood and lymph. Previous work demonstrated
that an SIP receptor subtype (designated
SIP,} 1s required for this egress because 1ts
genetic removal prevents this movement (6),
Much less clear hasbeen the source of S 1P that
allows this ezress, Previous sdies in mice in
which both sphingosine kinases were deleted
in all cells showed a profound loss of S1P

WWW.SCIeEnNCemadd.org

red blood cells as a source of S 1P rather than
platelets and thromboeytes, long thought to be
major 51 P sources. The Pappu er al. study also
refines the contributions of whole-blood com-
ponents o concentrations of other lysophos-
pholipids (4).

Pappu et al. further demonstrate that
blood-derived S1P supports the migration of
Iyvmphocytes from some locales (spleen
and thymus) but not others (lvmph nodes),
Through clever reconstitution experiments in
muice that ivolved irradiating the animals and
replacing their bone marrow (the source of
hematopoietic cells), they determined that
S1P in the lvmph node is from a radiation-
insensitive cell source (possibly lvmphatic
endothelium) that 15 not in blood. Morcover,
this nonblood source also supports lympho-
cyte migration from the spleen and thymus
as well (see the Migure). Thus. two distinet
sources of S1P—red blood cells and intrinsic
radiation-resistant cells present in the lvmpho-
cyte “motels™—are needed for normal lym-
phocyte egress,

Pappu er al. address another controversy

SCIENCE VOL316
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relating to how loss of the receptor S1P, pre-
venis lvmphocyie egress. One model, based
predominantly on genetic approaches, pro-
poses a direct effect of SIP on S 1P| expressed
on lymphocytes (6). However, another model,
based on the use of chemical compounds,
assigns a key role to S1P, on blood vessels
{ endothelial cells) where the receptors are pro-
posed to act as “gatekeepers™ for lvmphocyte
egress (¥). The methodological details of stud-
1es supporning each model do not allow a clear
resolution of discrepancies. However, two fac-
tors support the first model. First, most if not
all data derived from genetic mutants of S1P
signaling are in concert with the lymphocyte
S1P, model. Pappu er al. provide further sup-
port through reconstitution experiments in
mice in which SIP, expression is removed
from lymphocytes while maintained on the
endothelium. This disrupts egress. and indi-
cates that, at the very least, SIP, on lympho-
cytes matters. Second, a “home-grown™ ap-
proach to finding specific chemical com-
pounds that activate (agonisis) or block (antag-
onists) SIP receptors is promising. but at a
comparatively preliminary stage compared o
highly modified and carefully tested com-
pounds that might someday become a medi-
cine (1), Just as proven medicines can have
unintended side-effects. so too can preliminary
compounds produce results that may be unex-
pected or at odds with other methodologies.
The therapeutic future of these and other
lipid signaling molecules is bright, yet as with
many new approaches, unknowns persist, The
finding of large reservoirs of SIP in red blood
cells presents challenges to strategies proposed
For altering blood S 1P concentrations as possi-
ble therapies [for example. by intravenous
delivery of antibodies against S1P into blood
i 11]. Additionally, based on the dual-source
data of Pappu ¢f al.. altering blood concentra-
tions of S1P may leave local sources of S1P
untouched. Other unknowns include as-yet
unidentified S1P receptors. interactions with
other molecular pathways, clear identification
of signaling versus structural hipid pools, and
relationships to other lipid pathways, as have
been observed for prostaglandins (/2). A more
advanced therapeutic strategy that has entered
human trials is the nonselective SIP receptor
agonist known as FTY720 or fingolimod,
which is being assessed as an immunosuppres-
sive agent for organ transplantation and mulu-
ple sclerosis (/3-15). At least part of the mech-
anism through which this experimental drug
works, benefiting further from the work of
Pappu et al.. 15 basically conserved between
mouse and humans, by virtue of the central
role played by 51P receptors. It can be
expected that the coming years will bring new
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mechanistic and therapeutic insights as these
“fat” kevs open more locks.
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Putting Order into Polymer

Networks
Peter M. Budd

icroporous materials contain pores
or channels with diameters of less
than 2 nm—aonly a little bigger than
many molecules. These pores or channels may
be used as filters that allow some species
through but not others, as containers w solate
or store specilic molecules, or as uny chemi-
cal reactors. Chemists have found ways to pre-
pare i wide variety of porous matenals, but it
has proved difficult to form organic polymer
networks with perfectly controlled pore
dimensions—until now. On page 268 of this
issue, Yaghi and co-workers report the genera-
tion of highly porous, organic. three-dimen-
sional crystalline covalent networks (see the
tigure i /).
Inorganic microporous matenals. such as
#eolites, usually have well-detined network

The authar ks at the Organic Materials Innovation Centre,
Schoal of Chemistry, University of Manchester, Manchester
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structures made up of silicon and aluminum
atoms linked via oxygen atoms, Windows and
cages within the zeolite framework allow
small molecules to access high internal sur-
face areas. Some types of zeolite are found
naturally, but many more have been synthe-
sized in the laboratory. In recent years. many
researchers have tried to create organic
analogs of zeolites. Organic components,
although inevitably limited in the tempera-
tures they can withstand, allow much greater
control over the chemical nature of the acces-
sible surface. For example, groups may be
incorporated that recognize specific mole-
cules or catalyze particular reactions. Further-
more, materials based only on light elements
are advantageous in applications where mass
must be kept to a minimum, such as for storing
hvdrozen onboard vehicles.

There 15 some truth in the saying that nature
abhors a vacuum. Thermodynamics works
against the formation of tiny spaces and the

Organic, three-dimensional microporous
structures have been synthesized. Such
"organic zeolites” are light and chemically
versatile, offering a range of possible
applications.

surfaces that surround them. Zeolites are usu-
ally metastable structures and. given appropri-
ate conditions, they will ransform o more sta-
ble, denser phases. During the preparation of
porous matenals, the spaces are filled with sol-
vent or other small molecules. All wo often,
a promising-looking structure disintegraies
when the molecules propping up the pores are
removed, Many new “porous”™ materials have
been reported but the porosity is often not per-
manent in the sense of the matenal remaining
intact on evacuation of the pores.

Animponant step toward organic zeolites
wits achieved with the development of materi-
als in which rigid organic components are
linked by noncovalent interactions, such as
metal-ligand or hvdrogen bonds. In particular.
crystalline metal-organic frameworks have
been produced that exhibit impressive levels
of gas uptake (2, 3).

Crystallinity is not necessary for micro-
porosity. Indeed. amorphous porous materi-

-

Membrane-forming
microporous polymer

Metwark-forming
microporous palymer

Two-dime nsional covalent
organic framework

Three-dimensional covalent
organic framework

From disorder to three-dimensional order. Porous polymers can display different degrees of arder. From left o right, this figure shows a soluble, membrane-farm-
ing microporous polymer (6), a network-forming microporous polymer that exhibits high gas uptake (8), a two-dimensional covalent organic framework (9), and ane
of the three-dimensional covalent organic frameworks described by Yaghi and co-workers in this issue.
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als, such as activated carbons, are widelv used
in ndustry, In recent vears, microporous
organic polyvmers have been created that are
chemically well defined, even though they are
disordered and therefore possess a distribu-
tion of pore sizes.

One approach to microporous polymers
involves tying polymer chains wgether with
a large number of rigid bridges. to give
“lyper—cross-linked” polymers (4, 5). Another
approach starts with the design ofthe polymer
backbone. By connecting rigid ladder-like
components with units that force the back-
bone to twist or turn. it 15 possible to construct
polymers that cannot pack together and fill

space efficiently in the solid state. A variety of

these “polyvmers of intrinsic microporosity™
{ PIMs) have been developed (6-8) (see
the figure). Some are soluble and can be
processed into useful forms such as mem-
branes, whereas others are three-dimensional
networks. They are commonly prepared by
making use of a reaction that joins two aro-
matic rings together with a pair of oxygen
bridges. This approach has the potential 1o

generate polymers that are ordered in two or
three dimensions, but in practice, amorphous
materials are generally obtained.

Current theories suggest that to form a
crystalling polymer network. the polymeriza-
tion reaction must be reversible, so that it
oceurs under thermodynamic control, Yaghi's
group set out to generate ordered polymer net-
works by making use of reversible condensa-
tion reactions of boronic acids. Using this
approach. they first produced two-dimen-
sjopal covalent organic frameworks that
incorporate carbon-boron-oxyvgen linkages
{see the figure ) (9). A similar. but slightly eas-
ler, route W a l"u'q.'l.ll-l'.liIl'l:.'l!'l.."'-jl.lll't.'l] I.Z'H'A.'illl_‘l'l.l
organic framework was taken by Lavigne and
co-workers ( /0)). Butextending this concept to
three-dimensional covalent organie frame-
wiorks is not trivial, because any given combi-
nation of building blocks could potentially
give rise w an enormous varety of products.
In their latest work ( /), Yaghis group drew on
their experience of porous frameworks to
select the most realistic tarzers and used a
computer model to help predict the siructures

PERSPECTIVES

that were likely to form. This helped them 1o
design the synthesis and identty the products,

The results open a new chapter in the story
of porous organic materials, It is likely that
routes will now be found to a host of novel
crystalline covalent networks. Their high
porosity and controllable pore size, coupled
with the versatility of organic synthesis,
promises that this will be a rich and fruitful
area of research.
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As Tiny Worlds Turn

David P. Rubincam and Stephen J. Paddack

unlight changes the rotation rate of an
asterowd” The dea seems absurd, but on
page 272 Lowry er aof. (1) and on page
274 Taylor er af. (2) report observations that
mdicate sunlight 15 doing just that to the small
asteroid 2000 PHS, and Kaasalamen er af. indi-
cate the same is happening on 1862 Apollo (3).
The mechanism is the Yarkovsky-0' Keefe-
Radzievskn-Paddack effect, mercifully short-
ened 0 YORE WithYORP now on a solid foun-
dation, we may be able o understand a number
of strange observations involving small spin-
ming asteronds and asteroid binary systems.
The saga of sunlight changing into spin
began with Ivan Yarkovsky, a Polish engineer
who realized more than a century ago that the
mfrared radiation escaping a body warmed by
sunlight carries off momentum as well as heat
{(4). Point this heat in the right direction. and it
will function like a rocket motor: Each infrared
photon escaping the object carries away
momentum, thanks to the relationship p = E'c,
where p is the photons momenum, £ is its

The authors are with NASA Goddard Space Flight Cenfler,
Greenbelt, MD 20771, USA. E-mail: David.P.Rubincamg@

nasa.gov
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Sunlight

ol

then YORP wall slow it down.

energy. and ¢ is the speed of light. By the prin-
ciple of action-reaction, the object emitting the
photon gets a Kick in the opposite direction,
Warkovsky knew nothing of photons and based
his reasoning on the outmoded ether concept,
but his whea survives the translation to modern
physics. ) Yarkovsky thrust is uny, but space is

SCIENCE VOL316

Spinning in the Sun. Sunlight speeds up rotation due to
reflection off the vertical and slated faces of the wedges
{blue arrows). Infrared radiation emitted by the faces also
causes speed-up. I the body spins in the opposite sense,

Rotaticnal force produced by sunlight may
help explain the movement of small asteroids,
unusual asteroid orbits, and asteroid pairs.

so empty there is no friction o stop it
Moreover, because the Sun s always shin-
ing, the Yarkovsky effect goes on century
after century with an inexhaustible supply
of photonie luel, profoundly altering the
orbits of meter-sized meteoroids (3).

VoV Radzievskii applied the photon
thrust idea to rotation by imagining each
Face ofa cubical meteorond pamted white
on one half and black on the other: sun-
light reflected by the white part pushes
that arca more than the black half. caus-
ng a torque, which changes the rotation
ate (4). His mechanism is weak because
the black half, although 1t reflecis little,
miakes up much of the difference by emii-
ting infrared photons. Moreover, most
small solar svstem objects have fairly

uniform albedoes (that is, the fraction of

light reflected) across their surfaces.
Building on this work., John A,
O'Keefe and one of us (S.LE) at NASA real-
ized that shape was a much more effective
means of altering a bodys spin rate than albedo
and set about measuring spin changes in the

laboratory. The idea was that hight reflecting oft

of vartous angled surfaces on the object could
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alter its rotation, Thus YORP was born,
O’'Keefe and Paddack imagined a body
shaped rather like that shown in the figure: two
wedges glued to a sphere. As the object rotates,
the Sun shines on the vertical face of one
wedge and the slanted face of the other. The
momentum imparted in the direction of rota-
tion by a photon bouncing off the vertical face

is greater than that imparted by bouncing off

the slanted face. As a result, there is a net
orque, speeding up the object’s rotation ( 7, §).
In addition, infrared radiation emitted by the
faces also produces a torque. and infrared
YORP probably dominates on small solar sys-
tem bodies. which tend to be dark. To test ths
notion, Paddack actually used light (which
simulated the Sun) to speed up objects that
were magnetically suspended ina vacuum.,
Paddack and Rhee applied the YORP
effect as the cause ol rotational bursting and

eventual elimination from the solar system of

small asymmetric particles. This may explain

the puzzling deficiency in the numbers of

small meteoroids (¥).

O'Keefe’s interest in the YORP effect came
from a desire 1o show that wektites, mysterious
glassy lumps found strewn across varous
regions of Earth, come from the Earth-Moon
system (J0): Farther away, and they spend so
long in space that they are spun up to bursting
by centrifugal forces via YORP. O'Keefe
believed tektites were belched out of lunar vol-
canoes. Although he was probably wrong

about that—they are most likely created on
Earth by giant impacts—and as vet there have
been no observations of small celestial bodies
being spun up to the bursting point, the YORP
effect does have profound consequences for
the spins of much bigger objects: asteroids. An
object must have a certain sort of lopsidedness
for YORP to work, and small asteroids, with
their surfaces chiseled by impacts, often have
the necessary asymmetry.

A 10-km asteroid might double its rotation
rate n 2 few hundred million years, or have it
cut drastically: the asteroid could even end up
spinning in the opposite direction (/1)
Because the YORP time scale 1s proportional
to K2 where R is the radius, the spin rate ol the
asteroid PHS with 57-m radius, already fast
with its 12-min period. will double in just
600,000 years, Such rapid time scales argue
for YORP being competitive or dominant
compared with collisions for changing spin.

[n addition to speedmg up or slowing down
rotation, YORP can alter the axial ult and pre-
cession rate (the rate at which the axis moves)

of asteroids (3, /29, so that the entire suite of

YORP phenonemacan send asteroids into inter-
esting resonant spin states. Moreover, because
the strength of Yarkovskys original effect
depends on spin speed and tilt, there should be
feedback between orbit and spin evolution.
Most small asteroids are commonly be-
lieved to be rubble piles. so that they can
change shape or even fission into two smaller

piles as a result of YORP spin-up, helping ex-
plain the existence of binary asteroids. And if
the body shown in the figure fissions into two
wedge-like objects, for example, YORP might
continue, so that the binary system orbitally
evolves (/3). As for further research, is YORP
responsible for the Koronis Family asteroids
having roughly the same spin rate and spin axis
orientation { /<), or is some other mechanismat
work? How precisely does an asteroid change
shape or f1ssion as it speeds up”? Do asteroids
slowed to tumbling ever speed up again” These
questions await the future,
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ECOLOGY

A Positive Feedback
with Negative Consequences

Manuel Lerdau

t has long been recognized that isoprene
emissions from vascular plants play an
important role in atmospheric chemistry
(1-3). Recent advances (4, 3) suggest that these
emissions—in conjunction with fossil fuel
combustion and fertilizer application—may
create a positive feedback loop, in which
species-specific metabolism causes changes in
tropospheric chemistry that in turn affect bio-
logical diversity and ecosystem metabolism.,
About 1% of the carbon captured during
photosynthesis by terrestrial ecosystems is

The authar is at the Blandy Experimental Farm, Depafment
of Environmental Sciences, University of Wirginia,
Charlottesville, WA 22904, USA. E-mail: mlerdaug@
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retumed to the atmosphere as isoprene ().
Once in the atmosphere, isoprene can either
ameliorate or aggravate ozone pollution, de-

pending on the tropospheric concentrations of

reactive nitrogen oxides. When nitrogen oxide
concentrations { 7} are high, soprene oxidation
leads to the net production of ozone, whereas
isoprene oxidation at lower nitrogen oxide con-
centrations leads to the consumption of azone
(#). High nitrogen oxide concentrations oceur
in air masses that receive substantial inputs
from fossil fuel combustion or fentilizer use.
Anthropogenic changes in air chemistry thus
alter the atmospheric impact of isoprene.
[soprene is produced as the firstend-product
of the methylervthritol phosphate (MEP) path-
wary, which 1s responsible for all plastd-derived

The ability to emit isoprene protects some
plants from ozone damage, which may affect
their future abundance.

isoprenoids in plants (¥). Upon synthesis, 1s0-
prene diffuses through the chloraplast mem-
brane to the cytoplasm, through the cell mem-
brane to the intercellular air space, and out
through stomata (the pores in leaves through
which water exits and carbon dioxide enters).
Unlike many other organic volatile compounds
produced by plants, isoprene is not stored in
specialized structures in the plant (J0).

We now understand much of the biochem-
istry of production and the plysics of emission.
Yet two crucial questions remain: Why do
plants make soprene? And why do only some
plants make isoprene”? Recent work by Loreto
and co-workers attempts to answer these ques-
lions (4. 3). In a series of experiments, they
exposed leaves to high, but environmentally

www.sciencemag.org




realistic, levels of ozone and also
blocked the MEP pathway, there-
by restricting isoprene production.
The results show that the damag-
ing effects of ozone are amelio-
rated by soprene.

The impact of isoprene on the
abilities of plants to tolerate
oxidative stress is related to the
impacts of isoprene on atmo-
spheric oxidant dynamics. Only
~15% of vascular plant species
produce 1soprene, and most eco-
systems consist of both producers
and nonproducers. In the north-
eastern United States, about ong-
third of tree species produce
isoprene: those tropical systems
studied have a similar proportion
of emitting species (¥). Even
low-diversity ecosystems such as
boreal forests contain a mixture
of emitting (spruce and aspen)
and nonemitting (pine) specics.
This heterogeneity creates the
possibility for species-specific
feedbacks between plants and the
atmosphere.

When plants emit isoprene
into air with high nitrogen oxide
concentrations, these emissions
can raise ozone levels, thus in-
creasing the likelihood of oxi-
dative stress damage. However,
isoprene-cmitting species will iend
to be better protected against this

Oaks produce isopreng, which .. Whereas maples do not
leads o the production of produce isoprene.
MONE G2 ane... — Qzone .
Jee—
lsoprene

... whereas maples lack the
isoprene profection from
ozone damage, reducing
their abundance.

Because the isoprene-produding
oaks are protected from caone
damage, their abundance

increases with time... - Dzone

-~

[soprens

The value of isoprene protection. Interactions between isoprene
fram an isoprene-emitting species, such as oak, and nitric axide lead
to higher ozone concentrations. This ozone damages species that do
not emit isoprene, such as maple, whereas oak trees are protecied
(top). As a result, oak abundance increases, ecosystem-scale isoprens
production increases, and ozone concentrations increase, further
favoring emitting over nonemitting species (bottom).

PERSPECTIVES

of isoprene production, or lack thereol, may
reflect a balance of the benefits over evolution-
ary time and the costs such production entails,

It seems unlikely that ozone stress was a
major selective force over evolutionary time,
because tropospheric mitrogen oxide and ozone
concentrations have only become high enough
todamage plants since the advent of the internal
combustion engine, [soprene production may
have evolved for an entirely different reason: It
protects plants against damage from short-term
high temperatures (/3). The current increase in
selective forces favoring isoprene producers—
that 1s. the rise in tropospheric nitrogen oxide
concentrations over recent decades (/6)—pro-
vides an opportunity for isoprene’s exaptive

{17) value to become important at the scale of

communities and ecosystems,

Tropospheric nitrogen oxide concentra-
tions are rising (/4) during a time of great
changes in vegetation cover. as forest lands are
clearad, farmed, abandoned, and then revege-
tated. Feedback loops such as the one posiu-
lated above may push patterns of plant diver-
sity along certain trajectories, and such trajec-
tories may in trn alier the atmosphere. Over
time, isoprene-producing species may come
to dominate in areas with high nitrogen oxide
concentrations. This dominance of isoprene-
producing species will decrease plant diver-
sity and have cascading effects on higher
trophic levels. As more and more regions
become influenced by human activities, the
number of communities that suffer in this
feedback loop will increase,
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damage than those that do not produce iso-
prene. Those plants that emit isoprene will, in
effect, change the atmospheric composition in
a way that causes more damage to nonemitters
than to emitters (see the Mgure). Over time,
isoprene-producing taxa may become more
abundant because of their greater resistance 1o
ozone damage,

This feedback could lead to striking
changes in forest ecosystems, For example, in
temperate deciduous torests, i1t provides a
mechanism to favor oaks over other trees such
as maples, birches. or hickories. In tropical
systems, palms and figs will benefit over
other groups such as Cecropia and mahogany
that do not emit isoprene (/1. 12).

In recent decades, understanding of the
connections between the biosphere and the
atmosphere has grown, The influence of bio-
spheric activities on the atmosphere has been
seen on global to regional scales. For example,
the variation in atmospheric CO, concentra-
tion throughout the year is a result of seasonal
changes in respiration and photosynthesis,
and in many ecosystems humidity and raintall
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depend on transpiration from plants. Carbon
dioxide concentrations, humidity, and precip-
itation in turn affect ecosystem metabolism.
Toalarge extent, however, these feedbacks
are not species-specific. Plants of different
growth forms, such as trees and grasses. may
have different properties, but the metabolisms
of different species within a growth form
rarely differ enough for such biosphere-
atmosphere feedbacks o be important in
larze-scale models ( /3). In contrast, the 150-
prene-atmosphere feedback postulated above
operates at the level of species interactions,
The protection from oxidative stress
offered by isoprene emission rises the ques-
tion of why only some plants produce 1so-
prene. Recent molecular phvlogenetic work
supports the supposition that. at least for flow-
ening plants, isoprene synthase evolved several
times independently (/4). Plants that produce
isoprene tend to tolerate oxidizing conditions
better than those that do not, but the production
and emission carry a cost in terms of energy
and carbon spent and i terms of mitrogen allo-
cated w the enzyme svstems( ). The evolution
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Frank Albert Cotton (1930-2007)

Tabin J. Marks

n 20 February 2007, the feld of

chemistry lost one ol its most distin-

guished scholars when Frank Albert
Cotton passed away in College Station,
Texas, at the age of 76,

Cotton was a world-renowned researcher
and educator, and one of a small number of
scientists credited with the renaissance of
iorganic chemistry that began in the 19350s,
His work led to a new appreciation for the
diverse structural, bonding, and reactivity
properties ol transition-metal complexes. As
a scholar, collaborator, and mentor, he pro-
foundly influenced the lives of many.

Al Cotton, as he was generally known,
wias born in Philadelphia on 9 Apnl 1930
and attended local public schools before
undergraduate study at Drexel Institute of
Technology and then Temple University,
both in Philadelphia. During this time, his
interest turned from chemical engineering o
chemistry, and in 1951, he entered graduate
school in chemistry at Harvard University.
Here, Cotton swudied with the late Sir
Geoftrey Wilkinson and was part of the
research team that pioneered the synthesis
and characterization of ferrocene and re-
lated transition-metal organometallic com-
plexes. The nonclassical nature of these
complexes dramatically changed the land-
scape of transition-metal chemistry.

After recerving lis Ph.D. from Harvard,
Cotton began his academic careerat MIT in
1955 as an instructor: in 1961, at age 31, he
became the youngest MIT faculty member
ever to be promoted to the rank of full pro-
fessor, In his early years at MIT, Cotton pio-
neered the application of diverse physico-
chemical wechnigues to understanding strue-
ture and bonding 1n transition-metal com-
plexes, explaining previously puzzling phys-
ical and chemical phenomena, and discover-
ing new ones. A particularly siriking exam-
ple, published in 1964 in Science. was his
discovery and analysis of bonding in the
first isolable molecule to have a metal-to-
metal quadruple bond ( 7). This advance ini-
tiated a long and highly productive program
in his laboratory to study metal-metal bond-
ing and the properties of metal-metal

The author is in the Department of Chemistry, North-
western University, Evanston, IL 60208, USA. E-mail:
t-marks@northwestern. edu
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bonded compounds, from small molecules
to metal clusters to extended solids, This
interplay among creative synthesis, inform-
ative molecular structure. and unusual bond-
ing properties was to continue throughout
his career.

Cotton also launched highly productive
programs on metal complexes with high
coordination numbers (in which the metal
ion i1s surrounded by an unusually large
number ol bonded ligands) as well as on pro-
tein x-ray crystallography.
His work on organometallic
compounds—which have
bonds berween metal and
carbon atoms—led to fun-
damental  insights  into
bonding and reactivity. Par-
ticularly noteworthy is his
discovery and elucidation
of the properties of “Mlux-
ional” organometallic mol-
ecules, in which one or
more metal atoms rapidly
migrate around the carbon
atom framework of the
surrounding ligands. The
structures of such molecules can be exceed-
ingly nonrigid. and low-energy barrier path-
ways exist o rapidly interconvert energeti-
cally degenerate molecular structures, Cot-
ton eluctdated many key aspects of the rates
and mechanisms of fluxional processes,
The results are relevant to many processes
catalyzed by transition-metal 1ons.

In 1971, Cotton moved to Texas A&M
University as Robert A, Welch Professor of
Chemistry and was named W. T. Doherty
Welch Distinguished Professor of Chem-
1stry shortly thereafier. Here, his research
tocused on the synthesis and chemistry of
compounds with multiple and/or single
metal-metal bonds and other unusual types
of structures. His work was recognized
with numerous awards, medals, prizes,
learned society memberships. and hon-
orary degrees. In 1998, he received the
Joseph Priestley Medal, the highest award
bestowed by the American Chemical Soci-
ety Cotton was scientifically active until
his death and published more than 1600
articles in peer-reviewed journals, He
served on numerous advisory panels and
was a vociferous advocate of support for

F. A. Cotton was an inorganic chemist who
performed groundbreaking work on
transition-metal complexes.

basic scientific research.

Cotton was also a brilliant scientific edu-
cator. He authored or co-authored inorganic
chemisiry textbooks that set the standard in
the field. were translated into as many as
40 languages. and sold more than 500,000
copies. These texts—including Advanced
Mmorganic Chemistry, Basic Inorganic Chem-
istry, Chemical Applications of Group Theory,
and the high school text Chemistry, an [n-
vestigative Approach—lucidly convey chem-
ical principles. The same was
true of Cottons scientific
lectures, which evidenced in-
fectious enthusiasm, clever wit,
and an impressive ability
to comprehend and clearly
explam complex chemical
phenomena.

Cotton was immensely
proud of his large family of
academic progeny—gradu-

_l ate students (more than
- 100 Ph.D. recipients), post-
if ) doctoral fellows, and their
i J own students—whose accom-
plishments span many disci-
plines and continents. As a one-on-one
mentor, Cotton had the rare ability to instill
in students scientific excitement as well as
respect for rigorous scientific methodology.
the necessity ol hard. careful work. and
the lifelong belief that discovery-oriented
research is in every way fun. In 2006,
Cotton received the George Pimentel
Award, the American Chemical Society's
highest recognition for achievements in
chemical education.

In addition to being a dedicated scholar,
Al Cotton was a man who savored hfe. He
was an accomplished equestrian and master
of the hunt, a serious gourmet. and a studious
wine connoisseur. He loved good music, lit-
erature, classical cinema, and travel o exotic
places. and spoke several languages Muently.
Cotton relished the art of conversation and
was an avid debater. He 15 survived by his
wife of 47 vears. Diane (*Dee”), and their
daughters Jennifer and Jane.
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INTRODUCTION

A Barrel of

THE RHESUS MACAQUE, MACACA MULATTA, HAS LONG BEEN USED AS AN
important research tool in medicine. from the discovery of the Rh factor to
modern-day trials of AIDS vaccines and investigations of neurological and
behavioral disorders, As an Old World monkey, it 15 one of our closest relatives
outside ofthe great apes—chimpanzees, gorillas, and orangutans—making it highly
informative on many levels. Today, we unveil the genome of this magnificent
(1d World monkey and, in doing so, open ourselves to further investigation.

Nonhuman primates have been critically important in developing medical
advances that have saved human lives, The availability of this genome sequence
will enable new and better experiments that will speed up the pace of research and
reduce the number of animals needed for biomedical research in the long run.
Analysis of the sequence is simulating studies on population structure { Hernandesz
ef al. p. 240) that will help researchers interpret differences between experimental
groups when they oceur and to investigate species-specific effects. Researchers
have developed microarray chips of macague-specific genes so that changes in
Lene expression in response to perturbations, such as viral infection or hormone
treatment, can be followed sensitively through time ( see the Mews article by Pennisi
on p, 216), Differences and similarities in the expression of genes related 1o
immune response between macaque and human are already apparent.

Belore the rhesus macaque sequencing effort. the human and chimpanzee
genomes were available, but these tools could not be used to their fullest potential
in studies of evolution. When we look at humans and chimpanzees. we are gazing
through a very narrow window, because they diverged so recently in evolutionary
history, The rhesus macague, as our next closest relative, 15 an ideal outgroup for
human/chimpanzee comparisons. We now can step back and examine the past
25 million years of primate evolution, identifying genomic similarities and
differences between each species. As shown by the Rhesus Macaque Genome
Sequencing and Analysis Consortium (p. 222) and discussed in a second News
article by Pennisi (p. 218}, the addition of genomic information from macaques is
resulting ina much ¢learer understanding of primate biology and evolution. Within

the special section, we also present investigations broadening our understanding of

the dvpnamic nature of primate chromosomes and examining the differences
among primate genomes, including the duplications, rearrangements, mobile
elements, and evolutionarily new centromeres (Han eral., p. 238: Hamis et al.. p. 235:
and Ventura et al., p. 243). Genes or regions that show evidence of selection among
primates may yet provide the Rosetta stone that will allow us to read our own
history in the genomes,

-LAURA M. ZAHN, BARBARA R. JASNY, ELIZABETH CULOTTA, ELIZABETH PENNISI
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Boom Time for Monkey Research

Macaque researchers have blazed a trail of biomedical firsts. Now, with
macaque genomic tools at last in hand, this research is rushing ahead in

new directions

THE RHESUS MACAQUE 15 THE UNSUNG
hero of the maternity ward. In 1940, Nobel
laureate Karl Landstemer and his student
Alexander Weiner discovered in this monkey a
blood protein they called the Rh (for Rhesus)
factor. Researchers soon found the Rh factor in
some but not all humans and realized that a
mother could react immunologically against
the factor in her fetus, Now a simple test and a
vaccine prevent that reaction—and resulting
mental retardation or even death in about
20,000 LLS. newborns a vear.

Thanks 1o Landsteiner, the Rh factor
was among the early contributions that this
G0-centimeter-tall monkey made to human
health, More recently. the macaque has
reveialed new insights into disorders as
diverse as AIDS and depression. But
researchers seeking to understand the genetic
underpinnings of macaque diseases and
behavior have been thwarted. Unlike mice
."II'IL|. hl.]l'l'.l.'ﬂ'l!'i. MiECague :.II...']'IL‘[I!C?E Wils 1.'1r|:|.|.'L]i_\'
unexplored territory until recently, with rela-
tively few penes identified.

And so about 5 vears ago, Teffrev Rogers
and Michael Katre decided it was high time

to push macaque biology into the 21st cen-
tury. Infected by the excitement over the
human genome, they decided
to go after the macaque
genome and to develop
the tools to pin down the
genes underlying the dis-
orders and behaviors they
studied.

They have succeeded
in spades. On page 222,
they and their colleagues
at Baylor College of Medi-
cine in Houston. Texas.
deseribe the high-gquality drafi
sequence of the rhesus macague
(Macaca nudatta) genome. Katee,
a virologist at the University of
Washington, Seattle, used this
sequence to develop a macague-
specific microarray that
reveals the expression of thou-

Down to the genes. Studies of infant
macaque behavior help researchers betler
understand the genetic basis of shyness.

Breaking new ground. Macagque-specific
genomics tools are making studies involving this
maonkey more useful.

sands of genes at once. Rogers, a geneticist at
the Southwest National Primate Research
Center in San Amtonio, Texas. has drawn up
genetic linkage maps for both baboons and
rhesus macaques and i1s genotyping thousands
of macaques in pursuit of specific genes

genes that the sequence will make easier to
find. “You now will have the tools and
reagents to do in macague what vou can do in
humans and in mice,” says Katze, “Tt will

completely transform the rhesus as an animal
maodel in human disease in every way.”
Already. these efforts are leading to a bet-
ter understanding of how genes are regulated
in diseases such as influenza, and what vari-
ants of genes are imporiant for certam behav-
iors, Researchers are also figuring out how
macagques differ genetically from humans—a
key step in understanding both the value and
limitations of these monkeys as surrogates for
humans in experimental work. In AIDS
research, for example, 1IUs important to find
out where gene expression in humans and
macagues diverges. Otherwise. “we are never
going to get the right cure or the right [drug
tanzet.” says geneticist Timothy Ravasi of the
University of California, San Diego.

Building genomic tools
The list of “first discovered in™ macaques 15
impressive, For example. using macaques.
researchers demonstrated both that a
virus caused polio and, ulti-
mately, the efficacy of the
polio vaccine. Since U835,
these animals have been sine
gua non for HIV studies and
vaccine trials because they can

the HIV virus that causes a progres-
sion of disease similar to that in
humans. Then too, monkeys behave
much more like people than, say,
mice or rais, and they have proven
to be good stand-ins for humans in
neuroscience and behavioral stud-
ies. For example. long-term obser-
vations of monkeys raised with
their parents or just peers led to

maothering in shaping personali-
* ties. Back in the 1990s. the first
primate embryonic stem cell came
from a macaque. All told. researchers
publish about 2000 papers a vear on
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macaques, with publicly funded researchers
conducting studies on about 40,000 animals
and drug companies, many more,

But without good genetic tools. macague
research could only go so far. Researchers
could document an immune response, for
example. but not the changes in gene expres-
ston associated with that response, They could
identify genetically based behav-
iors—headbanging similar to that
in humans oceurs naturally in
some macaques—Dbut had no way
to track down the genes involved,
much less knock out a gene, That's
a big contrast with mice, in which
researchers have characterized
genes mvolved in dozens of
human diseases. thanks o muta-
genesis and gene-knockout tech-
nologies. Researchers have also
developed mouse- and human-
specific microarrays—chips or
glass slides in which probes of
short DNA sequences measure the
activity of thousands of genes at
once and reveal complex gene cir-
cuitries. "1 envy people who work
in human and mouse.” says
Shoukhrat Mitalipov, a develop-
mental biologist at the Oregon
National Primate Research Center
in Beaverton,

Dozens of macaque researchers have
made do with microarrays equipped with
human DNA probes. but they have never
been sure how well the results represented the
monkey’s gene activity. The average 3% dif-
ference between macaque and human genes
means that for some genes the macaque
sequence may be invisible to a human-based
microarray. “If you want to know exactly
what's expressed in monkeys, you have to use
monkey sequence.” says Shrikant Mane, a
neuroscientist at Yale University,

Those frustrations drove Katze, Rogers, and
their Baylor colleagues to pull together a pro-
posal n 2002 o the Matonal Human Genome
Research Institute to sequence the macaque
genome. They got the go-ahead in 2003 for the
520 million project. with Bavlor’s Richard
Gibbs leading the sequencing effort and coor-
dinating more than 100 researchers from
around the world. As soon as the data started
trickling in, Katze teamed up with Agilent
Technologies in Santa Clara, California, o put
together a macaque microarray based on the
new sequences. Several prototypes later, they
came up with one with all the macaque’s
200,000} genes represented on it

www.sciencemag.org SCIENCE VYOL 316

AL the same ume, a group led by Robert
Norgren, a neuroscientist at the University
of Nebraska Medical Center in Omaha, had
started on 1ts own gene-chip design. The
researchers [irst used the human DNA
sequence to track down the equivalent
sequence In macaque. working with
Affymetrix Ine. in Santa Clara, California,
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Monkey model. Rhesus macaques are the most commonly used primates in
biomedical research and are useful in studies from AIDS to depression.

As the macagque genome sequence went
online, the chip was expanded to cover all
the genes.

Researchers say both macaque-specific
microarrays are guite promising. “We can
now do comparative genomics at the level
of gene expression,
[We can ask] how is
the macaque genome
bemg expressed and
how is it similar or
different from the
human,” says Trey
ldeker. a genomicist
at the University of
California, San Diego.

For Katze, the
first task has been o
understand how the monkeys react at the
genetic level to potentially deadly viral
infections. Katze, Yoshihiro Kawaoka of the
University of Wisconsin, Madison, and their

colleagues infected seven close relatives of
the rhesus with a reconstructed version of

the flu virus that killed more than 50 million
people in the infamous 1915 epidemic; three
other monkeys were infected with a modern
human flu virus. Three. 6. and 8 days later,

“As we know much more
about the genome, we are
in a position to do much
more sophisticated work
in this species.”

Harvard University

SPECIALSECTION

they killed a few of the macaques and
analyzed their blood and lungs, using
microarrays to study gene expression.

Initially. the macaques” lungs severely over-
reacted to the 1918 fu virus, the researchers
reported in the 18 January issue of NManre,
With both viruses, the macaques” first line of
defense, the innate immune system, kicked
in, with genes for inflammatory
molecules revving up. In the
macaques batthng the modern
virus, that reaction was [emporary,
but in those with the 1918 flu, the
oenes were not only more active
but also active much longer, caus-
ing extensive tissue damage.

To make matters worse, the
subsequent ability of the cell to
attack the virus was dampened
in the monkeys with the more
deadly flu. Type | interferon
proteins typically activate genes
for other proteins that inhiba
viral replication. But with the
1918 virus, this genetic pathway
seemed disturbingly quiet.

Katze is now one of dozens of
infectious-disease researchers
using monkey-specific micro-
arrays, including in AIDS
research. The microarrays are
proving their worth in other disciplines too.
To take just one example, neuroendocrinolo-
gist Cynthia Bethea of the Oregon National
Primate Research Center is using the armays
to delve deeper into the effects of estrogen
and progesterone on serotonin, a brain
chemical important
in mood, appetite,
and sex drive.

She and her col-
leagues have com-
pared gene expres-
sion in serotonin-
producing nerve
cells in menopausal
monkeys with and
without hormone
treatments.  Her
unpublished results show that with hormone
exposure, “there’s a dramatic shift” in a bio-
chemical pathway that leads to enhanced
production of serotonin, she says. That path-
way involves tryptophan, which these nerve
cells can use to make either serotonin or a
toxin that destroys the nerve cell. In
miacagque hormone recipients, Bethea's team
Finds increases in the gene activity of five

—Morman Letvin,

enzymes used 1o convert tryptophan to sero-
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tonin and a decrease in five that help pro-
duce the toxins, “Our hypothesis is that
estrogen and progesterone prevent serotonin
neuron cell death and encourage plasticity,”
Bethea savs.

To explore this idea further, Bethea
wants to coax embryonic stem cells to
become specialized serotonin-
producing nerve cells ina
lab dish. Here too, the
microarrays come in handy,
as 2 ol to examine the nerve
cells” gene expression. So far,
the chips show that Bethea
has some work to do: The lab
dish neurons still express
many genes typically active
only in developing neurons,

Day 3 postinfection

Better gene hunts

At the same time that dozens
of researchers are building
up a picture of overall gene
activity in macaques. Rogers
has been working toward
tracking down specific
genes, taking data from
many macagque individuals.
Last year, he and his col-
leagues published a genetic
linkage map of the rhesus
macaque L'l'ﬂ"ﬂl]li.ﬂ:.' known
landmarks or bits of identifi-

K173 1718

able DNA. places where the sequence varies
from one ndividual w the next. These maps
help researchers home in on specific genes
when used with family studies. (The
sequence itselll in contrast, comes from a
single macaque and provides few clues
about what varies between individuals.) And
thanks to long-term breed-
ing programs for the rhesus
macaque, Rogers and his
colleagues can work with
large families whose
genealogies are known or
can be determined. The
stage is set to do genetic
epidemiology, says Rogers.

For example, researchers
have long studied various
behaviors in macaques.
including indicators of
."ll'l.\'!C[}' ar :"tl'!}'l'l.l..'}'-."i, .'"-I.Il..‘l‘.l s
how long it takes an infant
o walk away from its
mother and explore new
surroundings. Judy Cameron
of the Oregon primate cen-

Duy B postinfection

Seeing red. A microarray study
revealed that although both
modern and 1918 flu viruses
revved up inflammatory genes
early on (red), those genes
remained dangerously active in
the 1918 virus.

Kiri 1718

ter has recorded how infants react to such
novel sitwations and found that the
exploratory behavior “is strongly heritable,”
says Rogers.

But until recently, Cameron and others
had no way to narrow down where along the
macaque’s 2 | pairs of chromosomes the gene
or genes responsible for this behavior are
located. Now Rogers and Cameron are using
the genetic map o note which landmarks are
frequent in infants who are tmid or in those
who are adventurous, for example. The land-
marks will help researchers identify the gen-
eral vicinity of the genes. Then the team will
search the genome sequence at that location
for possibly relevant genes and test them.
“We're very excited.” says Rogers. “This will
provide important new information about the
genetics of susceptibility to psychiaric dis-
orders among humans.”

Other groups are taking a similar tack to
uncover genes for vulnerability to stress or
risks for neurological and eventually heart
and other diseases. Their analyses are just
the beginning of a revolution in macaque
research. “As we know much more about
the genome, we are in a position to do much
more sophisticated work in this species.”
says immunologist Norman Letvinof Harvard
Medical School in Boston, “There will be a
great deal of work going forward now that
these tools are available.” Landsteiner would
be proud. ~ELIZABETH PENNISI

NEWS

Genomicists Tackle
The Primate Tree

The deciphenng of the human genome was a
humbling expenence. The promise of the proj-
ect, in the words of James Watson, was “to find
out what being human 1. But even whenmosi
of the 3 billion bases of the human genome had
been properly placed, much about the
sequence delied understanding. Where in the
20,000 human genes uncovered are the ones
that set Houme saplens apant from other mam-
mals, or other primates? To find out. genomi-
cists have been scrambling for more data ever
since, most recently from primates. “The goal
is to reconstruct the history ofevery gene inthe
human genome,” says Evan Eichler, a geneti-
cist at the University of Washington, Seattle.
And that requires data from our relatives.

DNA from different branches of the primate
tree will allow us “to trace back the evolution-
ary L'I'Illl.'lj__!i..'i |.|'I.i'li ::ccurn:d Al vanous iime
points, leading from the common ancestors of
the primate clade to Homo sapiens,” savs
Bruce Lahn, a human geneticist at the Univer-
sity of Chicago m llinois.

In 2005, the unraveling of the chimp
genome provided tantalizing hints about dif-
ferences between us and our closest relative
(Science, 2 September 2005, p. 1468), Now
on page 222, the third primate genome, that of
the rhesus macaque, begins to put the chimp
and human genomes mto perspective,
Macagues are Old World monkeys, which
split perhaps 25 million years ago from the

Primates are taking center stage in genomics, with the
macaque serving as an early milestone in understanding
our relatives’ genomes—and therefore our own

ape lineage that led 1o both chimpanzees and
humans { see diagram, p. 21%). S50 when com-
pared to apes, monkeys can help identify the
more primitive genetic variants, allowing
researchers o tease out the changes that
evolved only in apes. Researchers want o take
such analyses back to even more ancient
evolutionary divergences, and so seven more
|'1ri.['|'lil|.l..' gt.'l'l.“]:l'h.' .‘i':_'q'l.ll..']‘ll..‘t'.‘i are lII'H.lL'r Wil
as 15 the sequencing of the DNA of two close
nonprimate relatives. Together, these
genomes “should teach us general principles
of primate evolution.” says Lahn.

A consortium of more than 100 researchers
who have been unraveling the macaque
genome are detecting genes that have changed
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Faster than expected in the chimp and human

lineages: such spead 15 usually awellale sign of

significance in evolution. They are also finding
that dozens of base changes known to put
humans at nsk for disease also exist in the
healthy macague—but not in the chimpanzee,
That suggests that some gene variants impli-
cated in disease are relics of the ancestral pri-
mate condition. Such studies “may be the
bridee between comparative genomics and
evolutionary biology.” savs Richard Gibbs,
director of the Bavlor College of Medicine
Human Genome Sequencing Center in Houston,
Texas, and coordinator of the rhesus macague
genome project.

Gibbs and his colleagues are tackling
evolutionary biology in reverse. They are
identifying key genomic differences without
yvet knowing how or whether those differ-
ences translate into traits that provide sur-
vival advantages. Tradivonally, researchers
have first traced changes in the shapes and
sizes of beaks. bodies, brains, and so on, then
sought the genes behind them. The hope 1s
that the two modes ol inquiry will meet in the
middle. But so far researchers have come up
short in linking genomic changes to traits
subjected to natural selection and other evo-
lutionary forces, ironically because of sparse
biclogical data on nonhuman primates. says

glyvcobiologist Ajit Varki of the University of

California. San Diego: [ Without] basic
information about the chimp, its physiology,
its diseases, its anatomy, vou are really very
impoverished about what you can sav.”

Beyond mouse

[n 2001, the human genome sequence drove
home how little we knew about our genomic
selves. About one-third of our genes were com-
plete unknowns, Researchers immediately
started lining up our DNA with that of worms,
Fish, and rodents to see what genes matched up
and to try to pin down functions. They found
not just genes but also conserved regions
within the “junk™ DNA that played as critical a
role in genome function as the genes theme-
selves. Their finds led to an unguenchable
thirst for sequence data as a way to clanfy how
genomes work. “Every additional species
increases our ability to resolve functional from
nonfunctional [DNA]" explains Ross Hardison,
a molecular biologist at Pennsylvania State
University in State College.

The surprise of the chimp genome, the first
nonhuman primate to be sequenced. was the
large number of insertions and deletions that
differed between humans and our closest liv-
ing cousins. There were more changes in the

Extinct

Complete coverage.
Researchers plan to
eventually sequence
the genomes of all
these primates and
related species, with
human, macaque, and
chimp now published.
The animals are
arranged in an artist's
rendition of their
family tree, with
estimated divergence
dates in millions

of years.
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order and number of genes and blocks of genes
than changes in single base pairs, highlighting
the importance of this kind of expansion and
shuffling in primate speciation.

But the chimp data proved frustrating as
well, because researchers couldn’t put the
chimp-human comparisons into an evolution-
ary context. [ fhumans had one base, sava C.at
a position where chimpanzees had a G,
rescarchers had no way of know-
ing which base represented the
ancesiral condition. Consequently,
there was no way to tell whether
the change at that position had
occurred only in humans—and
therefore perhaps helped define
Home sapiens—or in the chimp.
And so in 20035, the National
Human Genome Research Inst-
tute began stuffing more pnmates
into the sequencing pipeline and
approved the $20 million rhesus
macague sequencing project. "It is
great to finally have a [distant rela-
tive] that allows us to assign differ-
ences between the human and
chimpanzee genomes to cither the
human or the chimpanzee evolu-
tionary lineage.” says Svante
Piibo of the Max Planck Institute for Evolu-
tionary Anthropology in Leipzig. Germany.

Sequencers aren’t stopping at the macaque.
Sequencing of many primates, including the
orangutan, the gibbon, and a New World mon-
kew. the marmoset. i1s under way, with promises
that the baboon should be next, In 2006, the
Wellcome Trust Sanger Institute in Hinxton,
LK., started deciphering the gorilla genome,
planning coverage similar to that of the
macaque. Meanwhile, genomicists have
started sequencing key genes and regulatory
regions from other primates, too, “To tell what
is human-specific, vou need this comparative
context,” says Amne D, Yoder. an evolutionary
biologist at the Duke Lemur Center in
Durham. North Carolina.

To know a genome

Already. the primate genomic data are reveal-
ing bits of our genetic history. For example,
more than 98% of chimp and human bases
agree. So researchers hoping to pick out areas
with fewer base changes than expected—such
as regulatory regions conserved in all apes-
are awash in a tide of virtually identical DNA,
But when the search 1s expanded to additional
primates, there’s more variation in the
sequences, and previously undetectable con-
served regions, even small regulatory

sequences, begin to surface.

For example, Dario Boffelli, now at Chil-
dren’s Hospital Research Center in Oakland,
California, and his colleagues at the Joint
Cienome Insutute m Walnut Creek, California,
wanted to understand the regulation of genes
that help maintain healthy levels of cholesterol
in the body, They looked at 538,000 bases cov-
ering genes involved in cholesterol processing,

DNA reader. Baylor's Richard Gibbs led more than 100 researchers in the
sequendng of the macaque genome.

comparing human and six other primates:
baboon, colobus monkey, dusky titi, mar-
moset, owl monkey. and squirrel monkey.
They discovered regions with virtually the
same sequence n all the pnimates. Subse-
quent experiments showed that three of the
newly identified conserved regions do
indeed regulate penes
n the cholesterol path-
way. BofTelli's team
reported in January in
CGrenome Biology.

In other cases, par-
ticularly as researchers
look for differences
that reflect independ-
ent evolution. data
from even one additional primate can help. In
one analysis, the macaque team looked at
64,000 places in the macaque genome where
they knew a disease-related mutation existed. In
the past. researchers have assumed that such
mutations were specific to humans. A few
chimp genes had hinted that some problematic
bases might predate humans, but the macague
drives home how ofien this may be the case.
Hardison and s Pennsylvania State colleague
Webb Miller found more than 200 sites where
the macaque had the same base at the same
position as the diseased or at-risk human. In

“Every additional species
increases our ability to
resolve functional from
nonfunctional [DNA]."

—Ross Hardison, Pennsylvania

97 nstances, both the chimp and the macaque
matched the aberrant human base: i 48 cases i
was just the chimp. And in 84 cases the rhesus,
but not the chimp, matched the diseased human
sequence, possibly because chimps also inde-
pendently evolved away from the ancestral con-
dition at those sites.

Forexample, about 1 in 15,000 people have
phenylketonuria because their gene for an
enzyme needed to process the
amino acid phenvlalanine is defiec-
tive. Untreated, the buildup of a
toxic byproduct causes mental
retardanon, In macaques, that same
defective gene is the normal condi-
tion and has no ill effects. It could
be that many “disease” variants in
humans are simply ancestral vari-
ants “where [a dietary or environ-
mental] change between the human
ancestor and the human has made
a variant that used to be good. bad.”
savs Miller,

In addition, the macaque
genome consortium combed the
macague, chimp. and human
genomes for families of genes that
had expanded in one or more
species. A family consists of the
original gene and any subsequent copies.
many of which evolve slightly differem
sequences and functions over time.

One in particular intrigued Miller. This
family. called PRAME-—short for “preferen-
tially expressed antigen of melanoma™
because the genes are activated in melanoma

and other types of

tumors—has had a
complex history in
humans, It has at
least 26 intact mem-
bers on chromosome
I. It’s one of the
regions of the human
genome that “are
going wild,” says
Miller. The chimp has a similarly complex
set of PRAME genes, but Miller found just
eight PRAME genes in the macague, “The
clusteris very simple [and has] remained sta-
ble for millions of years.” he explains. Work-
ing from this simpler, presumably ancestral
set, he and his colleagues hope to unravel the
timing and types of duplications that resulted
in the abundance of human PRAME genes,
Elsewhere in the genome. the consortium
found that the macaque has as many as
33 major histocompatibility complex (HLA)
genes, more than triple the number in humans.

State University
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“When vou see a dramatic change. it suggrests
there was some evolutionary selection that
Favored those extra copies.” savs James
Sikela, a computational biologist at the Uni-
versity ol Colorado Health Sciences Center
in Denver., “The tough gquestion 15, “What
favored that event?™ ™

While Sikela and colleagues
ponder the macaque’s need for
HLA genes. Adam Siepel of
Cornell University and his col-
laborators found other genes in
which mutations were apparently
favored by selection. Such posi-

“At the

conc

lots of

tive selection, as it is called,
typically shows up as bases that have
mutated faster than would occur by change,
So Siepel’s team compared 10,376 macaque
genes with their equivalents in both the
chimp and human genomes. They sought
genes with a relative mutation rate that was
higher in bases that changed the encoded
amino acid than in bases that did not alter the
coding. The researchers found 178 such
genes, “considerably more™ than previously
identified in human-chimp scans. says Siepel.
Some genes, such as a few involved in the
formation of hair shafis, were changing rap-
idly in the three species, possibly because
climate change or mate-selection strategies
spurred rapid evolution, Siepel specu
Other positively selected genes detected inat
least one species mcluded those involved in cell

ales,

adhesion and cell signaling. as well as genes
coding for membrane proteins, “We don'treally
know enough at this stage to point to a case
where we have a really mice story of a difference
at the molecular level that we can connect to a
known phenotypic difference,” Siepel

AIMEnLs,

genomic level, evolution is

extremely messy, involving every

rable mec

and red herrinas.”

blind alleys

_|'-I"I 5 I',\"I-..I -

Siepel and others say that such stories
require more primate sequences, Evidence of
positive selection in the same genes inmultiple
species will provide more clues to what
prompted such rapid evolution. Moreover,
researchers can be more confident about label-
ing a gene as “human-specific” once they have
looked in a number of our relatives and not
found it. “The more primates one can compare,
the better,” says Sikela,

Sequencing decisions require tough
choices about what species 1o sequence and
how thoroughly, however. For his part, Boffelli
thinks seven or eight primates would suffice
and favors apes over prosimians. the most
primitive living primates. With ape DNA, it
will be easier to look for positive selection that
led o humans, ButYoder thinks it's also impor-

‘:m o.6rg © SCIENCE
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tant to understand how the whole primate
branch has evolved, a pomnt long made by
researchers studving anatomy and behavior,
“If you are going to understand which genes
are primate-specific, you need a pretty broad
phyvlogenetic spectrum, [with] things outside
the primate clade but close 1o i.”
she notes. That argument has
already brought tree shrews and
flving lemurs (which are not
lemurs at all) into the picture, with
researchers planning a quick skim
across the DNA to get a very rough

Diego  draft sequence,

Others warn that the quick
skim, which is also planned for the bushbaby,
mouse lemur, and tarsier, mught not be enough,
however. With anything short of Tinished
sEUCnee. the COMPUIET ProgEams msty |"I'.'|N. LHp
differences—signs of evolution—that in real-
ity may be sequencing errors, warns Miller.
That was the lesson of the chimp genome,
which minally was not a very polished draft,

Varki says the genomic work promises o be
challenging in other ways, too: At the genomic
level, evolution 1s extremely messy, involving
every conceivable mechanism, probably with
lots of blind alleys and red hemngs. Decipher-
ing the significance of these molecularchanges
will be far, far more complicated than | imag-
ined.” Nonetheless, Siepel predicts, “we're
going to learn a lot in the next 5 years.”

—ELIZABETH PENNISI
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RESEARCH ARTICLE

Evolutionary and Biomedical Insights
from the Rhesus Macaque Genome

Rhesus Macaque Genome Sequencing and Analysis Consortium*t

The rhesus macaque WMacaca mulatta) is an abundant primate species that diverged from the
ancestors of Homo sapiens about 25 million years ago. Because they are genetically and
physiologically similar to humans, rhesus monkeys are the most widely used nonhuman primate in
basic and applied biomedical research, We determined the genome sequence of an Indian-origin
Macaca mulatta female and compared the data with chimpanzees and humans to reveal the
structure of ancestral primate genomes and to identify evidence for positive selection and lineage-
specific expansions and contractions of gene families. A comparisen of sequences from individual
animals was used to investigate their underlying genetic diversity. The complete description of the
macaque genome blueprint enhances the utility of this animal model for biomedical research and
improves our understanding of the basic biology of the species.

hesus macaques (Macaca mudatea) (F)

are one of the most frequently ¢n-

countered and thoroughly studied of all
nonhuman pamates (able 511, They have a
broad geogmphic distribution that reaches from
Afghanistan and India across Asia 1o the
Chingse shore of the Pacific Ocean. As an Old
World monkey (supedamily Cercopithecoidea,
family Cercopithecidac), this species is closely
related w0 humans and shares a last common
ancestor from about 25 million years ago (Mya)
(20, The two species often live in close associa-
tion, and macaques exhibit complex and in-
tensely social behavioral repenoines,

The relationship between humans and ma-
caques s even more important because biomaedical
research has come to depend on these primates
as animal models. Compared with rodents, which
are separated from humans by more than 70
million yvears (2, ), macaques exhibit greater
similarity © human physiology, neurobiology,
and susceptibility 1 infectious and metabolic
diseases. Critical progress in biomedicine
attributed w0 macaques includes the identifica-
tion of the “rhesus fctor” blood groups and
advances in neuroanatomy  and  neurophysiol-
oy, Most imponant, their response to infectious
agents related w human pathogens, including
simian immunodeficiency virus and influenza,
has made macaques the preferred model for
vaccine development, Lesser-known contribu-
tions of these ammals include their carly use in
the LLS. space program-—a rhesus monkey was
lounched into space more than a dogen years
before any chimpanece,

The cynomolgus macaque (M. fascicularis),
pigtailed macaque (M memestring), and Japa-
nese macaque (M fiseata) have all contribated

*To whom correspondence should be addressed. Richard A
Gibbs, E-mail: agibbs@bem.edu

1ALl authors with their contributions and affiliations appear
at the end of this paper.
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to rescarch, but the rhesus macaque has been
used most widely, Taxonomists recognize six
M. melatta subspecies (1), which differ substan-
tially in ther geographical mnge, body size, and a
vaney of momphological, physiological, and be-
havioral charactenstics, North Amencan wesearch
colonics include animals representing both Indian
and Chinese subspecies, although India ended the
exportation of these animals in the 19705

With the advent ol whole-zenome sequenc-
ing, a highly accurate human genome sequence
and a draft of the chimpanzee genome have
been generated and compared. The chimpanzee
shared a common ancestor with humans ap-
proximately & Mya (4, 3), and the major impact
of the chimpanzee genome sequence data has
been in their dircct comparison with data from
the human genome. However, the chimpanzee
data have major limiatons. First, because the
alignable sequence s only 1 1o 2% dilferem
from that of the buman, there is no informative
“signal” 1w distinguish conserved elements from
the overall high background level of conserva-
tion. This is exacerbaied by the fact that the
chimpanzee genome was an incomplete drafi,
containing sequence errors that could potemtially
mask e divergence. Second, the differences
that are found between humans and chimpan-
#ecs are difficult to assign as specific 1o either
the chimpanzee or the human. As a resuli, the
chimpanzce analyses have on their own provided
relatively fow answers o the fundamental ques-
tion of the nawre of the specific molecular
changes that make us human,

By contrast, the genome of the rhesus ma-
cagque has diverged fanher from our own, with an

average human-macaque sequence identity of

~93%. Figure | shows the inferred common an-
cestor for all three species, as well as a common
ancestor that predated the human-chimpanzee
divergence. A characteristic that is found in
humans bl not in the chimpanece can be rec-

ognized as a loss in the chimpanzee if it is
present in the macagque, or il can be recognized
as a gain in the human it it is absent in macaque.
In principle, this three-way comparison should
make it possible 10 pinpoint many changes and
identify specific underlying mutational mecha-
nisms, which could have been entically impor-
tant dunng the past 25 mullion years m shaping
the biology of the three primate specics.

We examined the basic elements of the rhesus
macagque genome and undertook reconstruction
of the major changes in the human-chimpanzce
rhesus macaque (HCR) trio, The regions of the
genome that were duplicated in macague were
then identificd and correlated with other ge-
nome features. Individual macaque genes were
studied, and the orthologous genes in the HCR
o were aligned 1o reveal evidence for the ac-
tion of selection on individual loci. Additional
animals {rom other populations were also
sampled by DNA sequencing to study their
genetic diversity. Throughowut, complementary
methods were applied and the different resulis
combined in order to represent the most com-
plete picture of macagque biology. For a visual
representation of some of the insights gained
from the genome and more information about
the importance of the macaque as a maodel
organism, see the poster in this issue (6).

Sequencing the Genome

To generate a drall genome sequence for the
rhesus macaque, whole-genome  shotgun
sequences were assembled, The bulk of the
sequencing used DNA from a single M mudlatia
female, whereas DNA from an unrelated male
was used 1o construct a bacterial antificial chro-
mosome (BAC) libmry o provide BAC ¢nd
sequences and w o md in selective fimshing. We

6 25 Mya

~6 Mya

O 14)

macaque

human chimpanzee
W r

r

Fig. 1. Evolutionary triangulation in the hu-
man, chimpanzee and rhesus macaque lineages
(lineage-specific breaks), showing a summary of
chromosomal breakpoints on a microscopic scale
(Fig. 3} (7). Circled numbers indicate numbers of
lineage-specific breaks.
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used several whole-genome  shotgun libraries
with different insent sizes (3.0, 10, 35, and
180 kh) 1o generate a total of 18.4 Gb of raw
DMNA sequence through standard  NMuorescent
Sanger sequencing technologies, Initial assemblics
o the mtermediate scallold stage were camicd ot
by the three differem assembly methods; Atlas
whole-genome shotgun, pamllel contig asscmbly
program (PCAP), and the Celern Assembler (7).,
These wene comparad by means of more than 200
mietrics, including gross sequence statistics, agrec-
ment with finished sequence, wtility lor gene
predictions in the Enscimbl pipeline, and accurcy
of alignment o the human genome. The three
unpolished assemblics were found 1© be lanzely
similar and of high quality, so all were used in
combination with other genome data for the
subsequent assembly and placement of long se-
quence segments on the macague chromosomes
(lables S2.1 1w 824

To produce an optimal representation of the
genome, the three intermediate assemblics were
merged (Fig. 2). Melding the assemblies in-
volved mapping the Atlas-whole-genome
shotgun and PCAP data o the Celem Assem-
bler output, wiich had longer contiguity than the
other two data sets at this stage ol the process.
There was linde dilference between assemblics at
the sequence contig level, at which robust
sequence alignments guide the reconstructions,
s0 we focused our attention instead on contigs
that were joined into scallolds. Additional pairs
of Celem Assembler scaflolds were joined hased
on their mapping o the other two macaque
assemblics. Analysis of the output showed that

this composite assembly was superior o any of

its components (lable S2.4)

During assembly, a comparison with the
human genome sequence [National Center lor
Biotechnology Intormation (NCBI) aceession
code bId35] identified a small number (<100)
ol obvious inconsistencies, such as improper
joins of different chromosomes. These scal-
lolds were therefore split m the misassembly

Fig. 2. Assembly by three methods
of the rhesus macague genome.
WGS, whole-genome shotgun.
BCM-HGSC, Baylor College of Med-
icine Human Genome Sequencing
Center; WashU-G5C, Washington

*ﬁ‘—'*i

point, The human map was also wsed w help
place large merzed scaltolds onto the ma-
caque chromosomes (4, %) [the chromosome
numbering of Rogers ef af, (&) was used] at the
highest level of the assembly process. Given
that the human data were only used to split
scallolds and that de novo macague assemblics
were always given precedence over the mapping
to the human genome in the macaque asscmbly
merging and chromosome assignment process,
the final product should not be rgarded as a
“humanizcd assembly.”

The total length of the combined genome
assembly was approximately 287 Gb (Table 1),
This incorporated ~14.9 Gh ol raw sequence,

which represents about a 3.2-fold coverage of

the macaque genome, Comparson with ex-
pressed sequence g (EST) sequence data and
approximately 18 Mb of finished sequence (see
“Selected sequence Nimishing,”™ below) mdicated
that -98% of the available genome was rep-
resented. No misassemblics were identified in
that companson, Contigs showed an N30 {min-

imum length of contigs representing half of

the total length of the assembly) of” =25 kb; the
N30 for sequence scaflolds was =24 Mb.
GenBank accession codes are available online
(table 52.5)

Selected  sequence finishing. The rhesus
macaque genome assembly is a dmll DNA
sequence, and it contains many gaps. A higher
data quality with greater contiguity was desired
at severl genomic regions that attracted addi-
tional interest. In these cases, individual BAC
clones were isolated, and data quality was im-
proved by sequence “finishing.” Manv of these
BACs were in regions of pronounced genome
duplication, whereas othars were gene-rich. All
fnished BAGs, their gene content, and their
genome coordinates are listed in mble 82.6.

Overview of Genome Features

Geneval organization and conteni. The ma-
caque genome is organized into 20 auiosomes

\y S
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and the XY sex chromosomes. With the ex-
ception of 48 breakpoints (Fig. 1) including
three [usions. one fission, and breakpoints
induced by inversions that are each detectable
through chromosome staining, by mdiation hy-
brid mapping. or by comparative linkage map-
ping-—there is a superficial similanty between
the macaque and human chromosomes (8- /1),
Several chromosomdes i the macaque are also
more acrocentric than their human counter-
pars, but many from the two species are dif-
ficult 1o distinguish,

Nucleotide sequences that aligned between
the human and rhesus average 93.54% iden-
tity, 15 however, small insertions and deletions
are included in the caleulation, identity is re-
duced 1o 90.76%, Considering regions that are
difficult 1o align, such as lincage-specilic in-
terspersed  repeat elements, would further
decrease the level of computed identity. More-
over, evolutionary distances exhibit local fluc-
wations, as m other mammals (3), and less
divergence was observed in chromosome X
194.26% identity of aligned bases), The G-
content of the rhesus in aligned basces was not
notably lower than that of the human (40.7 1%
versus 40.74%).

Grene content. A human-centrie  approach
was used to gencrale new macaque gene sels
(table S3.1 and fig. S3.1). These sets include (i)
Ensembl (/2) gene models based primarily on
the alignment ol the human Uniprot and RefSeq
resources with the current assembly o define
the overall gene model, llowed by the intro-
duction of the macaque-specilic sequences
imainly as lincage-specific pamlogs) in that
framework: (i) Gnomen (NCBI) models that
include the consideration of the available
{=50,0000 macaque ESTs along with the human
RefSeq; and (i) Nscan data that include
multiple-species aligmments along with ¢DNA
alignments (/3). Owverall, ~20,000 Joci were
predicted by our methods in which at least one
cxon was found by two additional prediciors.
An additional --3000 loci were cach predicied
bv a single method, but manual inspection of a
subsel of these loci shows tha they are enriched
in gene-prediction eors, mainly duc 1o mis-
classification of evidence (e, cDNAs rom
untranslated  regions that were classificd as
conaining prodecin coding). On average, high-

et € e . Prebminany P'mp T confidence orthologs have 97.5% identity be-
5 m uencin IR Efd M558 . 3 .
c:'::r;; }tgu : :nzr ai; ve:n : I:':EI:E assembly ‘_BGMHGB(: SaahLEaS g tween the human and macague at both the nu-
tute. QA/QC, quality assurance and | | |
quality control | Scaflold Analysis (>200 melrics) | Table 1. M. mulatta assembly statistics. Total
I 1 1 bases, excluding gaps, number 2,871,189,834.
I Merging Process | =
I J Contigs Scaffolds
v
- Total number 301,039 122,580
|_Polishing and 0AQC _| NSO sizeinbp 25,707 24,345,431
l' Number to N50 32,114 36
| Assembly RheMac2 | Largest in bp 219,335 98,200,701
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cleotide and aminoe acid sequence levels, (The
nucleotide and amino acid percentages agree
because roughly one-third of nucleotide differ-
ences within coding regions change an amino
acid. )

Cverall repetitive landscape. Repeat ¢le-

ments account for =50% ol the genomes of

all sequenced primates (4) (Table 2). Sumlar
to the human, the rhesus macaque contaimns
about 320,000 recognizable copies from more
than 100 dilfercnt familics of DNA tansposons
and more than hall'a million recognizable copics
of endogenous retrovinuses (ERVs). In general,
the DNA transposons show no new lincages,
but the ERVs demonstrate a complex phylogeny
and many examples of new and expanded fam-
ily members, some resulling from horzontal
transmission. In addition, we conservatively
estimate tha 200000 Lls fa family of long
mterspersed  clemenis (LINEs)], and - 110,000
Adu elements [a primate-specilic family of shon
interspersed clements (SINEs)|, werne specilical-
Iy acquired in the Old World monkey lineage,
These two retrotrnsposon familics accounted
for most lincage-specilic msertions and  have
plaved a major role m shaping genomic
architecture. Among  them, hesus macague
specilic subsets (derived from the L1PAS
lincage and AleY) are frequently polymorphic
and can be assayed by polymerase chain re-

action (PCR) genotyping analyses for genetic
studics (/3).

Determining Ancestral Genome Structure

Cvtegenetically visible rearvangaments. The most
notable genomic differences among the HOR trio
arc the presence of evtogenetically visible rear-
rangements. The human and chimpanzee Karyo-
types are distimguishable by one  chromosome
fusion and nine evtogenctically visible pericentnic
inversions (Ja6); with the use of the macaque as
an outgroup, all of these breakpoints (except
those induced by two inversions) have now been
chamcterized at the DNA sequence level (170,
Analysis of genomic sequence conlinmes tha 14
breakpoints, corresponding 1o seven inversions,
occurred in the chimpanzee lincage, & indicaied
in Fig. 1. (Five ol the mversions are summariasd
in table S4.1.) The pericentric inversions of hu-
man chromosomes | and 18 and the fusion cre-
ating human chromosome 2 are specific to the
human. Companson of the reconstructed human-
chimpanzee ancestral genome and the thesus
genome reveals 43 breakpoints on the micro-
scopic scale (Figs. | and 3),

Submicroscopic rearvangements. Previous
analyses [reviewed in (/4)] have indicated that
primate genomes harbor more structural dif-
ferences than visible by cytogenctic staining.
Analysis of these events is complicated by two

Table 2. Summary of repeat content of the rhesus macaque genome compared with the human and
chimpanzee genomes. hgl8, human genome version 18; panTro2, Pan troglodytes version 2;
rheMac2, rhesus macaque version 2; LTR, long terminal repeat; MIR, mammalian interspersed
repeat, SVA is a composite repetitive element named after its main components, SINE, variable
number of tandem repeats, and Alu; includes SVA precursor elements,

y LINE SINE
Species DNA LTR/ERV SVA
L1 L2 Alu MIR
hgl8 355,000 506,000 572,000 363,000 1,144,000 584,000 3400
panTro 305,000 453,000 358,000 315,000 1,111,000 553,000 4400
rheMac2 327,000 432,000 531,000 298,000 1,094,000 539,000 150

Fig. 3. Chromosomal
breakpoints between
rhesus macaque and
the human-chimpanzee
ancestor. Each chromo-
some is represented by
a white bar (left) and a
colored bar (right). A
total of 820 thin hori-
zontal lines in the white
bars represent submicro-
scopic breakpoints (10-
kbp to 4-Mbp range)
detected by genomic
triangulation (19), and
43 thick black lines in
the colored bars repre-
sent breakpoints on a

Rhesus-Spocific
Human-Chimpanzed Shared s
Unassigned s

microscopic scale (=4 Mbp) (7). Numbers above each bar show the total lines within the bar,
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issucs: the dmfi state of the genomes and the
presence of extensive scgmental  duplications,
We analyzed these struciural rearmngements by
using the distance between onthologous blocks
in ¢ach species 1o infer the ancestral genome
structure and determine where reamangements
occumed on the phylogenctic tree. We excluded
cvents smaller than 10 kilobise  pars (Kbp).
which arc mostly due 10 retroposon Inserions,
and focused on cvtogenetically  undetectable
breakpoins  induced by insenions, deletions,
inversions, and complex reamangements of sies
batween 10 kbp and 4 Mbp, Data were com-
bincd from inversion detection and ancestral re-
constructions by the contiguous ancestral regions
method (/8) and gap detection by the genomic
triangulation method (/%) which further inte-
grates dota from genomic sequence comparisons
(20 and compartive maps (8, ¥, 27), The anal-
yais revealed more than 1000 rearmngement-
induced breakpoints through the HUR lincages,
of which 820 occur between rhesus and the
reconstructed human-chimpanzee ancestor (Fig, 3
and lig. 54.1). Each chromosome therefore con-
stitutes a complex mosac, with multiple changes
mtroduced 10 onhologous counterparts. When
rthesus macaque is compared with the human-
chimpanace ancestor, the X chiromosome exhib-
its three limes more rearmangements per mega-
base than the autosomes. This is both statistically
significant and consistent with a slightly more
than threefold difference observed in the hu-
man lincage following the branching ofl of
chimpanece (/9. Given that a slower rate of
variability at the single-nucleotide kevel in the X
chromosome compared with autosomes has been
interpreied as support for speciation models, this
difference is worthy of furher investigation (22).

Duplications in the Genome and

Gene Family Expansions

Crentenniic Diplicarioms. Segmental duplication
of genomic regions and the genes they contain

15 Wb
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are well known in mammals and are postulated
o drive fundamental processes, including the
birth of new genes and the subsequem expan-
sion of gene families (23). To discover duplica-
tions in the macaque genome, we used a battery
of difterem complementary approaches. Two of
these, whole-genome assembly companson (24)
and BLASTZ (23) anmalysis of scgmental
duplications, depended dircctly on the assembly,
We used a third method, whole-genome shotgun
sequence detection (2a), that calculated depth of
coverage of the mw shotgun sequence reads rela-
tive 10 the assambly. A fourth procedure was
created on the basis of BAU end sequence reads
combined with BACs that were directly mappod
by means of the pooled genomic indexing method
(24). The common interspersed repeat familics
were not considered in ay of these analyses.

The first two approaches dentificd approx-
mmately 350 Mb of a wecently duplicmed se-
quence i the macague assembly, A further <153
Mb were collapsed m the assembly and
discoverad by whole-genome shotgun sequence
detection (g, 85.1 and able 85.1). Adjusting
tor these collapsed duplications and the over-
all assembly coverage, we estimate that ap-
proximately 66.7 Mb or 2.3% of the macaque
genome  consists of segmental duplication
(Fig. 4)—this proportion is substantially lower
than that of either the human or chimpanzee
genome (5 to 6%) (24, 27).

The pooled genomic indexing and BAC end
sequence read methods suggested slightly high-

er levels of overall duplication, on the basis of
fluorescence in siu hybridization analysis of

randomly selected large-insert BAC clones (24).
However, this estimale was still less than the
4.8% recently estimated for the baboon genome
(28). Owverall, we consider 2.3% 1o be the lower
bound of duplicated genomic DNA in the
NMEICAUE ZCnome.

As with the human and chimpanzee, the
analysis of the macague assembly revealed an
enrichmem ol segmental duplications near gaps,
centromercs, and telomeres (14, 29), The study
also identified scgmental duplications that con-
tain gencs of high biological significance. For
example, the CCLILILCCLY pene region [lor
which copy-number variation in humans is cor-
relaed with susceptibility 1o HIV infection (30)],
cviochrome P430 (associated with toxicity re-
sponse), KRAB-C2IH2 zine linger (a developmental
regulatory transenption factor), olfactory recep-
tor (smell), human leukocyte antigen (HLA), and
other immune and autoantizen gene familics were
all observed in regions of genome duplication.

Expansion of gene familics. Two approaches
were used 1o study gene family structure direetly
within the dralt genome sequence: (1) a statistical
approach, based on a likelihood model of gene
gain and loss across the mammalian tree (31)
and (i) hybridization of whole genomic DNA 10
cDNA armayvs |a variation of armay-based com-
parative genomic hybridization (amay CGLHY) 10
observe changes in gene content directly (32).
The results are shown in Tables 3 and 4.
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Fig. 4. Global pattern of macaque segmental duplications. The statistics are based on all WGAC duplications
(= 90%, =1 kb in length), whereas the figure displays only those between 90 and 95% sequence identity
and =10 kb in length for simplicity. Red lines indicate interchromosomal (Interd duplications, blue ticks show
intrachromosomal {Intra} events, and purple bars show centromeric, acrocentric, andfor large-gap regions.
WGAC, whole-genome assembly comparison. nr, nonredundant.
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The statistical approach revealed that 1358
genes were gained by duplication along the
macaque lineage. This method simuliancously
eatimates rates ol change along individual lin-
cages and generates a quantitative asscssment
of conlidence in rate differences among lin-
cages. [terative modeling revealed higher rates
in primates, relative o other mammals, The
mtes are similar to those obtained by inde-
pendent methods in both humans (33) and
rodents (J3).

We adentified 108 gene familics, computa-
tionally predicied 1o have changed in size
among the primates, cvalving at a significantly
higher mte than the overall primate mtes of gene
gain and loss (all P < 00001, Table 3). More
than 60%% of the macaue-specific expansions dis-
play evidence of positive selection in their coding
sequences, supporting the notion that this rate
dispanty may be driven by natural sclection,

Ciene copy-number estmates by genomic
hybridization (cDNA armay CGH) (32) iden-
tifted 51 genes (124 ¢cDNAs) with copy-number
increases in the macague, relative o the human
(Table 4 and wble 55.2). OF these army CGH-
predicted macaque-specific meneases, 33% (17
out of 51) were also found by computational
analysis of gene family gains and losses. A
separate analysis found that 55% (28 owl of 51)
are increased in copy number as estimated by
BLAST-like Alignment Tool {BLAT) based (34)
predictions from the rheMac2 assembly. In con-
trast, when random sets of genes (cDINAs) were
chosen for BLAT quenics, only 1.453% suggest
copy-numbser increases (7 < 00001 ),

The genome-wide acceleration identified in
primates may be due w an explosion in the
number of Afw trmnsposable elements i the
prmate ancestor, which may have allowed an
increase in the mtes of nonallelic homologous
recombination, leading o higher raes of both
duplication and deletion (35). Allematively, the
rics of duplicate gene fixation may be due o
the small population size in primaies (36)
relative o rodents.

Particular expanded gene families. Expan-
sion of individual gene familics may help w
identify processes that distinguish  biological
features among organisms. One example in hu-

mans is the preferentially expressed antigen off

mclanoma (PRAME) gene family that consists
of asingle gene on chromosome 22q11.22 and a
cluster of several dozen genes on chromosome
Ip36.21. PRAME and PRAME-like genes are
actively expressed in cancers but nomally man-
1ot testis=speci fic expression and may thus have
a wle in spermatogenesis. The genomic organi-
ation is complicated; the cluster on human
chromosome 1 exhibits copy-number variation
in human populations (37, 38) and, together with
a similar onthologous cluster on mouse chromoe-
some 4, apparently arose by translocation not
long before the divergence of primates and
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Table 3. Gene families with significant copy-number expansions (P < 0.0001) in the human and the
identical statistic for the rhesus macaque. Gene family 1D, identification numbers from Ensembl version 41.
Family size, number of gene copies in the current genome assemblies. Gains and losses, number of genes
gained and lost since the human’s split with chimpanzee or the macaque’s split with human-chimpanzee
lineage, 1G, immunoglobulin; IGE, immunoglobulin E; Pre, precursor; MHC, major histocompatibility
complex; TCR, T cell receptor; ENV, envelope; ATP, adenosine 5 -triphosphate.

rodents, about 83 Mya (39) (Fig. 5 and fig 85.2),
Adter that translocation event, the human and
mouse gene clusters expanded independemly.
Evidence for positive selection has been found
in these genes, and two segmental duplications

posidating  human-chimpanzee divergence
added about a dozen gencs to the human cluster,

; 2 . Gene family ID Description Family size  Gains Losses

To propery resolve evolutionary changes
the PRAME gene family, we further sequenced Expanded in human
six macaque BAC clones 0 achieve a higher ENSFOD000000020  1G heavy chain V region 42 10 0
data quality, and we assembled them into a ENSFOO000000072  Receptor 56 16 ]
single contig (table S2.6), These cight PRAME ENSFOO000000233 Peptidyl prolyl cis trans isomerase a8 9 0
genes were comparced with human and chimpan- ENSFOD000000312  Histone H2b 28 7 0
zee penes identified from the latest assemblics ENSFODO00000597  Golgin subfamily A 49 26 0
for both species. We estimated a phylogeny for ENSFOD000000664  Ankyrin repeat domain 33 9 0
all identified genes, designating the mouse pene ENSFO0000000822  Unknown 15 9 0
cluster and the human PRAME gene on chro- ENSFO0000000841  Tripartite motif 21 7 1
mosome 22 as oulgroups. We then reconciled ENSFO0000000936  Centaurin gamma 15 9 0
this gene tree with the species ree by maximum ENSFO0000001036  Cold inducible RNA binding 22 8 0
F"‘H-l'hil'l'll-“'l-}- Our reconstruction reveals exien- ENSFOOOO0001546 Ubiqﬂilm Cﬂl'b’ﬂl}"l terminal hfﬂl’ﬂlﬂﬂ 16 13 2
sive duplication cardy n primate evolution (Fig. ENSFOOO00001599 Leucine-rich repeat 14 7 0
5B, branch a), m recent chimpanzee evolution ENSFOO000001665 DNA mismatch repair PM52 12 5 0
(Fig. 5B. branch «), and. most notably, in recent ENSFOO000001738  Unknown 15 7 0
human evolution (Fig. 5B, branch ¢). The ENSFOD000001920 405 ribosomal 526 13 7 1
PRAME gene cluster appears 0 have been ENSFOOO00001974 Unknown 17 3 0
much less dynamic on the macaque lineage ENSFOOO00002160 Double homeabox 15 13 0
(Fig. 3B, branch b) and in carly hominins (the ENSFODO00002570 Keratin associated 5 7 2 0
human and chimpanzee branch, Fig. 5B, ENSFO0000003683 Unknown 3 3 0
branch c). A large invened tandem duplication ENSFOD000004835  Ambiguous 13 9 0
occurred on the macague lineage shortly after  Expanded in macaque
divergence from the human lineage, but no ENSFOD000000014  HLA class | 17 12 ]
additional large-scale rearrangements are evi- ENSFOD000000037  HLA class | 16 10 0
dent. The relative quiescence in macaque al- EN5FO0000000070  Keratin type | 65 30 0
lows us 1o identity older duplications that are EN5FODO00000OTT Histone H3 32 1 0
difficult 1o discern in the exceedingly complex ENSFO0000000085  IG kappa chain V region 47 22 2
human self-alignments ( 7). ENSFOOO000D0138 Keratin type Il 39 10 0

The infered PRAME gene tree shows pro- ENSFOO000000150 Taste receptor type 2 23 9 0
nounced differences in evolutionary rmles across ENSFOO000000178 Aldo keto reductase family 1 19 9 0
branches, o well as some quite long branches ENSFO0000000397 Ral guanine nucleotide dissoc stim. 19 10 1
that sugpgest bumsts ol adaptive change. Using ENSFOO000000432 Killer cell 1G receptor Pre MHC class | 9 3 ]
maximum likelihood methods. we found evi- ENSFO0000000630  TCR beta chain V region Pre 18 9 0
dence of positive selection on several of these ENSFO0000000705  ENV polyprotein 13 11 0
branches (Fig. 5A). This positive scleetion, EN5FO0000000766 605 ribosomal [7A 26 17 1
combined with the highly variable pattern of EN5FO0000000773  Ribosomal [7 23 12 0
gene duplication and expansion. suggests that EN5FO0000000826 605 ribosomal 123A 20 6 0
the PRAME gene family has played a key role EN5FO0000001027 605 ribosomal 117 12 3 0
imn 5]'_"_14;i._'-5 evolution, ENSFOOQO0001077 Nucleaplasmin 17 9 0

We identified a second scgment of exiensive EN5F00000001211  67-kD laminin 18 10 0
eenomic duplications concentrated a the welo- ENSFOO000001235 Nonhistone chromosomal HMG 17 24 12 0
mere of macague chromosome 9, orthologous 1o ENSFOOO00001236 605 ribosomal 131 23 11 0
a human locus at 10p13.3 and observed by mulii- ENSFDOO00001249 605 ribosomal 112 16 8 0
ple approaches 10 be distnbuted throughout the ENSFDO000001359 USP& N terminal 14 10 0
macaque genome, The genes phosphotructokinase- ENSFODO00OD1460  Prohibitin 7 4 0
platclet form (PFKP) and DIP2C were ex- EN5SFODO00001671 605 ribosomal 132 10 [ ]
panded m this region and vielded the highest ENSFOO000001861 405 ribosomal 510 9 5 0
armay CGH macaque-to-human mtos in the ge- ENSFOO000002239 605 ribosomal 19 8 5 0
nome (average logs mtios of 330 and 254, ENSFOD000002279 405 ribosomal 517 8 4 o
respectively), D4P2C is implicated in segmenta- ENSFOD000002476 605 ribosomal 118 7 1 0
tion patterning, although its relevance 0 ma- ENSFOD000002633  IGE binding 19 14 0
caque evolution is currently obscure. PFEP is ENSFOD000003321  Argininosucdnate synthase 9 [ 0
important in sugar ( fructose) metabolism, raising ENSFOO000D0D3395 10-kD heat shock protein 11 8 0
the possibility that the pronounced copy-number ENSFOD000004083  ATP synthase subunit G 4 3 0
expansion in macague may be relevant 1o the ENSFOD000007347 Unknown 7 3 0
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Table 4. Genes identified as expanded in copy number in the macaque, relative to the human, by
the array CGH method. The leftmost column represents IMAGE ¢cDNA clones that show array CGH-
predicted copy number increases in the rhesus macague relative to the human. The middle two
columns list corresponding gene names and array CGH log; macagque-to-human ratios. The
rightmost column presents BLAT-predicted copy mumbers based on rheMac2 and hgl8 genome

assemblies.

Average log rheMac2'hgls
IMAGE clone Gene 2 BLAT-predicted

array CGH ratio
copy numbers

411091900937 PFKP 3.30 32t
454926/1862434 DIP2C 2.54 4/2t
1475421757369 EST 1.74 Hat
S0877/110020 EST 1.48 34
T795258/15741317191978 ATP5)2 142 29/10%
B24545/276888 E5T 1.37 ol
2457916/322067 DnAajce 1.37 o6t
504421/435036 ADFP 1.27 &/at
769921146882 UBEZC 1.17 831
1556207154809 e 1.14 8/10
19857947/1470105 E5T 1.14 16
32083/270786 FL)30436 113 23
306344/773260 MATZE 111 32t
884480/194908 COX7CIPRO2463 1.09 13/4¢
244205%/462961/768172/824776%/123971  DHFR 1.05 14/13¢
T2745/1626871* HLA 1.02 1/5
1493107/1637726 LTB4 DHIEST 0.97 32t
163407/843374 STOM 0.96 212
258666/428043 PSMEBFIEST 0.96 3/2¢%
112498/8248%94 EST 0.95 o0
32231770984 ESTIFL) 12442 0.95 3/2¢
981713"/953542*/1981925" EST 0.95 0/
1636233/814459 Corf23 0.93 412t
529185/609265 SELK 0.93 6/4t
298965/1472754/512003" COX68 0.93 714t
3225617240620" EST 0.92 31/22¢
208656/415195 FL)20294 0.92 212
840698/39977 FL)20254/MAFPRE3 0.90 4421
7732871635681 NDUFAZ 0.89 4/2%
T56763%725401* EST 0.85 11
B0742/80694 EST 0.85 0/0
141567 2%/1558664* EST 0.84 0/o
323806/38029 EST 0.83 212
595547997889 EST 0.83 11
253654 /953643" E5T 0.83 0/
T783035"783249" EST 0.83 11
B84272*11415750" H3F3A 0.83 45/40%
322175/210873 EST/PPYZ 0.81 11
1569731/1569604 E5T 0.79 a4
2929821129431 EST 0.78 12
112785/361565" RoXaN/GLUDI 0.78 Tiat
292452/450327 sMaP 0.78 212
1606275/1534633 Corf129/5TOM 0.77 afzt
212847/1415750" EST 0.76 221161
664121%/745347* PIGTIEST 0.76 4/21
982122/982113/121546/503715 ESTIFL] 14668 0.73 96t
950688/811603 ESTIATPAEVIGT 0.73 43t
3272021194384 ESTIBTF3 0.72 11
89700789767 6" EST 0.71 11
301388/825470 TOPZA 0.69 6i2t
5903907756469 RoXaN 0.62 32t

*Consistent with computational analysis of gene family gains and losses,

and hglB genome assemblies that are consistent with amay CGH predictions.
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high-fruit dict common among macagues. As with
other amay CGH copy-number estimates, the fune-
tional status of the additonal copics 15 not known.
Six of the ndividual macaque BACS that mapped
to the region revealed related duplicated  se-
quences on rhesus chromosome 3, which formed
from the fuston of onhologs of human chrome-
somes T oand 21, suggesting that these genes
may have plaved a wle in this expansion,

Another macaque-specific incrcase involves
the 22 HLA-related genes located in the region
orthologous 10 human chromosome 6p21 (able
S5.41. A previous study found that HLA gene
copy number was higher in the macague than in
the human (40), and our results confinm and
extend this linding, demonstrating that the
macagque HLA copy number is greater than that
found for the human as well as all four great ape
species (lig 55.3). This finding also suggests
that, although the macagque has been extensively
uscd o model the human immune response,
there may be substantial and previously un-
apprecited  dilferences in HLA  function be-
tween these species. Notably, the copy number
of another mmunc svstem-related gene clusier,
mmmunoglobulin lambda-like (fGL) a1 22g11.23,
is also predicted 1o be inereased in the macaque
itable S5.4). Members of the fGL locus encode
light chain subunits that are part of the Pre-B
cell receptor: do not undergo rearangements:
and, when mutated, can result in B ocell de-
ficiency and agammaglobulinemia, Additional
known genes predicted by armay CGH 10 have
markedly increased copy numbers in the ma-
caque relative 1o the human include DHFR,
ATFPSL2, DNAJCE, ADFFP, and MAT2E. Overall,
the main chamcteristics of the set of amplified
genes were their diversity and the wide variety
ol genomie regions they occupicd.

Orthologous Relationships

The macaque genome has also allowed for a
detailed study of more subtle changes that have
accumulated within onhelogous primaie genes.
The average human pene differs rom its
orholog in the macaque by 12 nonsynonyimous
and 22 synonvmous substitutions, whereas i
differs from its onholog in the chimpanzee by
fewer than three nonsynonymous and five
svnonyvmous  substitutions,  Similarly, 89% of
human-macaque orthologs differ at the amino
acid level, as compared with only 7% of
human-chimpanzce onthologs., Thus, the chim-
panzee and human genomds are in many wiays
o similar for charactenzng  protein-coding
evolution in pimates, but the added divergence
of the macaque helps substantially in clarilying
the signatures of natural selection,

Ceenerad characteristics of orthologons penes.
We developed an automatic pipeline 1o identity
10,376 trios of HCR genes o which we could
assign a high confidence of 1:1:1 onhology.
For comparison, we also identified 6762 hu-
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Fig. 5. Organization of the PRAME gene cluster in the HCR lineages. (A)
Maximum-likelihood phylogeny for PRAME-like genes in the human (H),
chimpanzee (F), and rhesus macaque (M) genomes. Colored circles indicate
inferred duplication events, partial genes are shown in italics, and branches

mian, macague, mouse, and rat quarets; 564
HCR, mouse, and mt quintets; and 3286 HCR,
mouse, and dog quintets. Because the human
gene models are by far the best chamcterized
for primates, we first identified a set of 21,256
known human protein-coding genes denved
from a union of the RelSeq (41), Vega (42),
and University of California-Santa Cruz Known
Gienes (43) collections. These penes were then
mapped o synieny-based genome-wide multiple
alignmenis (44, 43) and subjected 10 a series of
rigorous filiers o eliminaie spurious annotations,
parlogous alignmenms, genes that have become
pseudogenizad in one or more specics, and genes
with incompletely conserved exon-intron sinic-
tures (7). The genes that pass all filters represent
1:1:1 orthologs in which aligned protein-coding
bascs are highly likely 1o encode proteins in all
specics, with identical reading frames.

Despite the dmft guality of the chimpanzee
and macaque assemblies, the majority of human
genes mapped through syntenic alignments o
the chimpanzee (93% of genes) and macague
(89%) genomes (Fig, 6) (7), and most of these
wenes were completely alignable in their coding
regions. Fairly large factions of human genes,
however, were discarded because of apparent
frame-shift insenions and deletions (indels) or
nonconserved  exon-intron structures with re-
spect 1o their putative chimpanzce or macaque
orthologs, On the basis of 81 finished BACS
covering 294 genes, we estimate that, out of
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5526 genes filing the fhers for alignment
completeness, frame-shifl indels, and conserved
exon-intron structure, 2138 (39%) were discarded
completely because of flaws in the macague
assembly: the remaining 3388 (61%) were dis-
carded either because of genuine changes 10
genes or bocause of annotation or alignment
errons (7). Another 2261 genes passed the
human-macagque filters bt failed the human-
chimpanzee flers, and a large majonty of these
fallures were probably due 1o flaws in the
chimpanzee assembly. Alwogether, we estimate
that finished genomes for the macague and
chimpanzee would allow the number of genes in
high-confidence onhologous trios 1o be in-
creased by at least 23%. 1o ~12.800 (7). No-
tably, our conservative onholog scts may create
a bias against fast-cvolving genes and therefore
may lead 1o underestimates of average levels of
divergence and the prevalence of positive
sclection.

Alignments of the 10,376 orthologous trios
woere used to estimate the ratio of the rates of
nonsynonymous  and  synonymous  substitu-
tioms per gene (denoted w), with continuous-
time Markov models of codon evolution and
maximum likelihood methods for parameter
estimation (40-4#4). This vielded a mean
estimate of o = 0.247 (median 0.144), close
o the value of 0.23 cstimated for human and
chimpanegee genes (2%). About 9.8% ol all genes
show no nonsynonymous changes in the three

showing significant evidence of positive selection are colored orange (P
values are shown above orange lines). Scale bar, 0,05 substitutions per site.
(B) Another view of the same phylogeny, showing the duplication history in
the context of the species tree (7).

species, and 2.8% have @ > |, suggesting tha
they are under positive sclection, Consistent
with previous studics (49), centain classes of
genes exhibit unusually farge or small o values,
such as those assigned 1w the gene ontology (50)
category “inumune response,” which have an w
distribution shifled significantly toward larper
villues, and those assigned o the “tmnscription
factor activity™ category, which have a distri-
bution shified toward smaller values (fig. S6.1).

Our estimates [or o in primates are consid-
erably larger than previously reponed estimates
for rodents. which have a median of 0.11 ().
and larger than similar estimates from primaie-
versus-rodent comparisons (29 (Fig. 7). To
compare the average rates of evolution of
proiein-coding genes in primates with those in
other mammals, we estimated a separate value
of w for cach branch of a five-specics phylog-
eny, pooling data from all 3286 one-to-one
orthologs for these specics (lig. S6.2). We
obtained similar estimates ol @ for the hu-
man (= (L169) and chimpanzee (o = 0.175)
lincages, but substantially smaller estimates for
the branches leading to nonprimate mamimals
(o = 0,104 1o 0.128), suggesting a reduction in
purilying selection in hominins (29). The
estimate of @ for the macaque lincage (@ -
0.124) is substantially smaller than the csti-
mates for the human and chimpanzee and is
closer 10 the estimates for the mouse and dog.
perhaps rellecting the lrger population size of
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Fig. 6. Numbers of hu-
man genes passing suc-
cessive filters in the
orthology analysis pipe-
line. Genes are required
to fall in regions of large-
scale synteny between
genomes, to have com-
pletely aligned coding
regions, not to have
frame-shift indels or al-
tered gene structures,
and not to show signs
of recent duplication,

chimp macague

macaques comparcd with the other primates,
The estimates for the intemal branches between
the most recent common ancestors of the
human and mouse and ol the human and
macagque, as well as the most recent common
ancestors of the human and macaque and of the
human and chimpanzee, are neardy equal to the
macaque cstimate. This suggests that protein-
coding sequence evolution in macaques may
have occurred at a typical primate rate, whereas
it is the elevated rates in hominins that may be
anomalous,

When pamate and rodent o of individual
senes were compared, primate onthologs were
found 1o be evolving more rapidly by a 32
ratio. This asvmmetry was also evident among
eenes showing substantial differences in primate
(), on the basis of human-macaque align-
ments, and rodent o (@), deducad from mouse-
rat alignments. According 1o a stnct Bonferron
comection for multiple testing, 22 penes showed
statistically significant @y, > @, whereas only
three genes showed oy > o, (McNemar P <
0.001). IC multiple testing criteria are relaxad,
the bias toward larger myp is more notable (144
versus 8: tables 56.1 and 56.2). Cases of @y >
wy generally reflect an increase in @y, whereas
cases of wy = oy result both from an mcrease
in m, and a decrease in e, The genes showing
statistically significant w, > ey are enriched
for functions in sensory perception of smell
and taste as well as for regulation of tran-
scription (7).

Posirive selecrion, Taking advantage of the
addiional phylogenetic imformation provided by
the macaque genome, we performed a genome-
wide scan for positve selection, using our
10,376 HOR onhologous trios and likelihood
ratio tests (LRTs) (3739, Four differem
LRTs were performed: test TA, for positive
selection across all branches of the phylogeny,
and tests TH, TC, and T™ for positive se-
lection on the individual branches to human,
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[ filter 1: lack of synteny

[ fidver 2: incomgplete alignments

[ Mlter 3: Feamse-shif indels

[ filwer 4: changes in exon-intron stroctune
[ filter 5: recent duplication

[ remaining 1:1 orthologs

human  human  human human  human  human human
(TR rat dog chimp macagque chimp  chimp
Macigue  MOUse  Macique macague
ral [t TR [ AlTE
ml dog
Fig. 7. Distributions of w in pri- i
mates versus rodents. Histogram of i
estimates of v = dV/dS for human,
chimpanzee, and macague versus 0.07 4
estimates for mouse and rat in e
5641 orthologous quintets, showing
a pronounced shift toward er ¥ 0051
values in primates (P= 2.2 x : i
Mann Whitney test). Genes with = °*]
dN = 0 or d5 = 0 are counted in 003 -
the relative frequencies but not
shawn, a0
0.01

0.001

chimpanzee, and macaque, respectively. Our
methods use an unmooted tree and  cannot
distinguish between the branches o macagque
and the human-chimpanzee ancestor; for con-
venience, we refer 1o the combined branch as
the macaque branch. In all cases, variation
among sites in @ was allowed and. w0 reduce
the number of parameters o estimale per gene,
the branch-length proporions and ansition-
transversion ratio (k) were estimated by pool-
ing data from genes of similar GHC content
(7). Test TA identified 67 genes, and tests TH,
TC, and T™ identilied 2. 14, and 131 genes
{ Blse-discovery rate (FDR)Y < 001 in all cascs),
respectively. The large number of genes identi-
ficd for the macaque branch is partly a reflection
of its greater length compared with the chim-
parzece and human branches (7).

These four sets of genes overlap consider-
ably, particularly among their highest scorng
predictions (Table 3 and table S6.3). Their
union contains 178 genes, or 1.7% of all genes
tested. The two genes identified by TH-— those
encowding the leukocyte immunoglobulin-like
receptor LILRB1 and hypothetical protein
LOC3I99947—were also idemtilied by TA,

VOL 316

and the gene for LILRBI was identilicd by
TC as well, indicating evidence ol positive
selection on multiple branches. However, 12
out of 14 genes identified by TC were not
identilied by the other tests, indicating possi-
ble lincage-specific selection in the chimpan-
#zee. These include sex comb on midleg-like
1 (SCMLIY and protamine | (PRMIT). which
were previously identified in an analysis that
could not distinguish between selection on the
human and chimpanzee branches (32). In
addition, % genes were identificd by TM b
noi the other tests. These genes may be under
lincage-specific selection in the macaque and/or
may have experienced positive sclection on the
branch leading to the most recent common
ancestor of the human and chimpanzce,

The genes identificd by our tests for positive
selection are enriched for severl categones
from the gene onwlogy (3¢} and Protein
Analysis Through Evolutionary Relationships
(PANTHER) (54) classification systems that are
similar 10 those observed in previous genome-
wide scans for positive selection (32, 33). These
include defense response, immune response, T
cell-mediated immunity, signal rnsduction,
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and cell adhesion (tables 56 4 0 56.7), Among
the genes in these categorics are several
immunoglobulin-like genes, including  those
that encode the leukocvic-associated inhib-
itory receptors LILRB1 and LAIRT (locaed
in a clusier on chromosome 19), the T cell
surlace glycoprotein CD3 epsilon chain pre-
cursor CD3E, and the mtercellular adhesion
molecule | precursor ICAMI, Other identi-
fied genes assoctated with cell adhesion and
or signal ransduction include those that ¢n-
code DSGL, a caleum-binding ransmembrane
component of desmosomes, and the trans-
membrne protein TSPANS (which has gained
an exon by duplication in the macaque ge-
nome). Genes encoding membrane proteins in
general are strongly overrepresented: other
examples include the genes that encode con-
nexin 40,1, active in cell communication, and
OPNISI, the gene encoding bluc-sensitive
opsin.

In addmion, we observed strong ennchments
for new categories such as iron fon binding |e.gz.,
the beta globin (HBR), lactotransfomrin (LTF), and
eyvtochrome B-245 heavy chain genes (CYBB)]
and oxdoreductase activity (e, KRTAPS-R
and KRTAP3-4, which encode keratim-associated
proteins, and NDUFS3, which encodes a sub-
unit of the nicotinamide adenine dinucleotide
ubiquinone oxidoreductase). Two keratin genes,
which are important for hair-shalt formation,

Table 5. Selected genes from top 40 showing evidence of positive selection in
primates. Accession, the number of the reference transcript for each gene (human).

are present among the top-scoring  genes;
these genes could conceivably have come
under positive sclection as a result ol mate
selection or climate change. Genes classified
as part of the extracellular region, which -
clude the keratin genes, are in general over-
represented. Many of the identified genes
from this category encode secreted protens,
such as the interferon alpha 8 precursor IFNAS,
which exhibits antiviral activity; the interdeukin
8 precursor ILS, a mediator of m{lammatory
response; and CRISPI, which is expressed in
the epididymis and plays a mole at fertilizaton in
sperm-cgg fusion,

We found only weak enrichments for
genes involved in apoptosis and spermato-
genesis (32), but we did see a significant ex-
cess of high likelihood ratios among gencs
involved in fertilizaton, Other categorics that
show an excess of high likelihood ratios but
that are pot enriched for genes identificd by
our tests mclude blood coagulation, response
to wounding, and related catcgories; epider-
mis morphogenesis; KRAB-box transcription
lfactor; and ollactory receplor activity (lables
56,6 and 56.7). Thewr elevated likelihood
ratios may refleet cither weak positive selee-
tion or relaxation of constraint,

The inclusion of the macaque genome sub-
stantially improves slatistical power to detect
positive selection in primates, compared with

previous scans that used only the human and
chimpanzee genomes (29, 52). By examining
about S000 human-chimpanzee alignments with
a similar LRT, Nielsen ef af. (52) were able to
identify only 35 genes with nominal P < (LO3,
and when considening multiple  comparnisons,
they were able to establish only that a 5% false
discovery rale set was nonemply. By contrast,
the wse of the macaque genome allows the
identification ol 15 penes under positive selec-
tion in homining and an addiional 163 under
selection on one or more other branches of the
phylogeny, with FDR < 0.1, We estimate that
including the macaque genome makes test TA
about three times as powerlul. However, includ-
ing macaque rather than mouse (33) as an
oulgroup improves the power ol test TH only
marginally (7).

The genes idemified by the LRTs are gen-
crally rmndomly distributed in the genome, and
no significant clustenng was observed when
tested (P = 0.24), although small clusters were
found on human chromosomes 11 and 19 (7).
Chromosome 11, with 10 genes identified by
test TA, has more than twice the expected
number of genes under positive selection, but
this enrichment is not signilicant afler comecting
for multiple compansons [P = 0.10, Fisher's
exact test and Holm cormrection (7)) However, a
significant enrichment was observed lor genes
overlapping segmental duplications that oc-

value for test TA (7). Genes shown have FDR < 0.04. Test, the test (other than test
TA) that detected the given gene The Dup column has a checkmark if a gene

Chr, human chromosome on which reference gene resides. P value, nominal #  owerlaps a segmental duplication preceding the human/macaque divergence.

Accession Gene name Chr Description P value Test Cup
AB126077 KRTAPS-8 11 Keratin-associated protein 5-8 6.20 x 107 ™ v
NM_006669 LILRB1 19 Leukocyte immunoglobulin-like receptor 7.20 x 107¥ TH, TC +
NM_ 001942 DsG1 18 Desmoglein 1 preproprotein 1.10 % 10710 -

NM_173523 MAGEBS X Melanoma antigen family B, 6 5.30 % 107 TC v
NM_054032 MRGPRX4 11 G protein—coupled receptor MRGX4 5.60 x 107 ™ "
NM_000397 CYBB X Cytochrome b-245, beta polypeptide 1.50 x 1077 ™

NM_001911 CTsG 14 Cathepsin G preproprotein 1.50 x 1077 ™

KM 000735 oA (] Glycoprotein hormones, alpha polypeptide 1.20 x 107* ™

MM 001012709 KRTAPS -4 11 Keratin-associated protein 5-4 2.70 x 107° ™ o
NM_000201 icAMI 19 Intercellular adhesion molecule 1 precursor 270 x 107¢ ™

NM_001131 CRISP1 & Acidic epididymal glycoprotein-like 1 isoform 1 1.60 x 1077 ™

NM 002287 LAIR1 19 Leukocyte-associated immunoglobulin-like 3.10 x 1077 ™ <
NM_153368 €X40.1 10 Connexin40.1 490 x 107° -

NM_D18643 TREM1 & Triggering receptor expressed on myeloid cells 6.30 % 107° ™

NM_000300 PLAZG2A 1 Phospholipase A2, group [IA 1.30 x 107* -

BCO20840 TCRA 14 T cell receptor alpha chain C region 1.50 x 107" -

NM_ 000733 CD3E 11 CD3E antigen, epsilon polypeptide 1.50 x 107" ™
NM_001014975 CFH 1 Complement factor H isoform b precursor 1.50 x 107 -

NM_001423 EMP1 12 Epithelial membrane protein 1 1.50 x 107 ™

NM_001424 EMP2 16 Epithelial membrane protein 2 1.50 x 107 ™

NM_002170 IFNAS 9 Interferon, alpha 8 1.50 x 10~* -

NM_030766 BCL2L14 12 BCL2-like 14 isoform 2 1.50 x 107* -

NM_006464 TGOLNZ 2 Trans-golgi network protein 2 1.80 x 107 ™

NM_014317 PD551 10 Prenyl diphosphate synthase, subunit 1 1.80 x 10™* -

NM_000518 HEB 11 Beta globin 2.00 x 107" ™
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cumed before the human-macaque divergoenee
(£ = 0,006, Fisher's exact test), suggesting an
increased likelihood of adaptive evolution
following gene duplication. Four of the top five
genes identified by test TA overlap segmental
duplications that predate the human-macague
divergence (Table 5).

Genetic Variation in Macaques

The use of thesus macaques as animal models
of human physiology can be greatly enhanced
by an improved understanding of their under-
Iying genetic variation. To explore rhesus ge-
netic diversity and o create resources for funher
genetic studies, we generated a total of 26.2 Mb
ol whole-genome shotgun sequence from 16
unrelmed individuals (cight of Chinese origin
and eight of Indian origin, table 57.1). We mext
idemificd 26,479 single-base differences [puta-
tive single-nucleonde polymorphisims (SNPs))
through comparnson with the reference genome,
Ovenall, we found approximately one SNP per
kilobase, which is on average close o that found
in similar human studies. There was a surprising
dilference of 50%% in overll diversity between
the autosomes and the X chromosome (Fig. 8A);
we expected a value of 73%. This expectation
was based on differences in effective chro-
mosome population sizes, given that females
have two X chromosomes and males camy
only one. The reduction in diversity could be
due to recent selective sweeps of positively
selected recessive mutations on the X chromo-
some (55).

We also found that the frequency of the
whaole-genome shotgun SMNPs differed subsian-
tially among the animals from the different pop-
ulations (0.95/kb in Indian mesws and 1.067kb
i Chincse rhesus), and there was suggesiive
varation m SNP density within their subpopu-
lations (SD = 0.0275kb for Chinese macagues;
SD = 0,0527kb for Indian macaques). Together

with complementary data from PCR analysis of

polvmorphic L1 and Al element inseriions (figs.
S7.1 and S7.2) that showed population sub-

A

SNPs por kb

AT

Fig. B. SNP within rhesus macaques. (A) SNP densities per kilobase for
eight Chinese (blue} and eight Indian (red) individuals in autosomes and
the X chromosome. Error bars indicate standard error with variance
calculated across individual-chromosome replicates. (B} Distribution of
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strucire, this prompied additional experiments
in which 48 animals from the two populations
were surveyed by PCR-dircct DNA sequencing.
Details and most conclusions from than study
have been reported by Hemandez er al. (56),
including a demonstration that =67% of SNPs
discovered by direct sequencing are private o
cach subpopulation. The strong population dif-
ferentiation is reflected i fixation index (FST)
values {a measure of population differentiation)
and a marked difference in Watterson®s (3 7) ¢s-
timate of the population mutation mte between
the two groups. Here, we observed that the pop-
ulation differences are also retlected in differen-
tial distnbution ol Tajima’s [ statistic and in
linkage disequilibrium across sampled regions
(Fig. 8, B and C). Each of these statistics further
reflects the possibilitics of sweeps of naturl
selecuon or major differences in population
histones that must be fctored o ongoing
genetic studies, These initial mmsights nto the
underlying patierns of vanation within individ-
ual amimals will therefore provide the basis for
future genetic analyses, In addition to their utility
for Wentihcatton of individual anmmals, the SMNP
markers will be invaluable for larger-scale pop-
ulation studics,

Male mutation bias. A companson of human-
rhesus substitution rtes (calculated at interspersed
repetitive clements) between the X chromosome
and the autosomes vielded an estimate of the
male-to-female mutation mte ratio (@) of 2.87
(95% Cl = 2,37 o 3.81; tble 87.2). This valuc
is lower than o = 6 estimated for the human and
chimpanzce (58) but higher than a = 2 esli-
maied for the mouse and rat (3, 39). Thus, this
argucs against a uniform magnide of male
mutation bias in mammals (5) and supporns a
correlation  between male mutation bias and
generation tme (60, 61),

Human Disease Orthologs in the Macaque

While the general morphological and  phys-
iological similaritics between humans and ma-
caques greatly enbance the utility of the Janer as

g c
| B Chinese
24 W indian
-
a
&
-
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=24 =16 -04 a a8 18 24
Tajima's D
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a model organism, specilic differences in their
underlving coding sequences can also provide
biological insights. By comparing human dis-
case genes with their macaque equivalents, we
identified numerous instances in which the allele
observed in the macaque comesponds 1o the
discase allele i the human. These occurrences
suggest that the human discase vanants could
be cither persistent (1L.e., ancestral) or recumring

sequences that represent the recapitalation of

ancestral states that may once have been pro-
tective, but which now result in adverse conse-
quenees Tor human health (6.2),

To identify the ancestral discasc-associated
alleles in human, we sereened the macaque and
chimparece assemblies for the presence of any
of the 64,251 dilferenmt disease-causing or
diseasc-associated  mutations collected in the
Human Gene Muotation Database (63, 64), A
otal of 229 substiutions were identified for
which the amine acid considened 10 be mutam
i human comesponded 1o the wild-type amino
acid present in macague, chimpaeece, and'or a
reconstructed ancestral genome (Table 6) (65)
isce table SR for a full hist.

One surprising resull of the analvsis was
the identification of several human loci that,
when mutated, give rise 1o prolound clinical
phenotypes. including severe mental retarda-
tion. For example, the macaque data revealed
deleterious alleles in the omithine transcarba-
my lase (OTC) and phenylalanine hydroxylase
iPAH) genes. which are associated in human
with OTC deficiency and phenylketonuria. In
humans, these mutations greatly perturb the
nomal serum amino acid levels, Direet exam-
ination of macaque blood revealed lower
concentrations. of cystne and cysteine than in

the human and slightly higher concentrations of

glyveing than in the humean, bul no inerease in
phenylalanine or ammonia, which might have
been a predicted result of these changes (ables
582 and SK3). Although the effect of the
observed alleles might be greatly influenced by
compensatory mutations (66) or other environ-
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Tajima's D statistic across 166 amplicons for each population (n = 38 for
Indian and n = 9 for Chinese individuals). (C) The distribution of the
number of haplotypes per haplotype block (determined using the four-
gamete test) across five regions.
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mental factors, it remains a possibility that the
basic metabolic machinery of the macaque may
exhibit functionally imponant differences with
respect o our own (Fig, 9).

Ancestral mutations were also identified in
the N-alpha-acetylglucosaminidase (NAGLLY
gene that gives nse 1o mucopolysacchardoses
{Sanfillipo svndrome ), which 15 also charac-
terized by profound mental retardation. Their
occurrence invites funher imvestigation of the
contribution of this and related genes to the
phenotypic differences between macagues and
humans, and the potential for lurther explo-
ration of these monkeys as models for this
disorder

We also identilied a human mutation asso-
ciated with Stargardt disease and  macular
dystrophy that maiches an ancestral allele by
replacing lysine with glutamine a position 223
of the human ABCA4 protein (Fig. 9), Umeda
o al, (67) reponed the presence of the glutamine
in a cynomolgus monkey, and all other cuthe-
rian mammals as well as the predicted boreocu-
therian ancestral sequence have glutamine at this
position.  Furthenmore, glutamme s present al
this residue in Newopns, thereby implying con-
servation through some 300 million years of
verebrte evolution. Thus, it may be infemed
that the ancestral ghitamine has been replaced
by lysine in humans. Similarly, one CFTR mu-
tation [Phe* —sLeu™ (Phe87Leu)] is present not
only in most mammals (Fig. 9) but also in
Fugi, also implying extensive conservation
through vertebrie evolution,

Impact of a Genomic Sequence on
Biological Studies

In addinon o s impact on comparative and
genetic sludics, the genome sequence reported
here heralds a new era in laboratory studies of
macague biology. The full potential for more
precise definition of this animal model and its
gene comtent is not yel realized, but the value of
the new sequence in guiding DNA microamays
for siudying macaque gene expression has al-
ready become clear (68). Previously, human or
macague EST-based armyvs had been used for
cxpression siudies (6%), The most recently
released microarmay now adds probes designed
by alignment of the 3" untranskted regions of
23,000 human RelSeq genes to the sequences
from the initial macaque genome release (Janu-
ary 2005, Mmulih 1, approximate genome cov-
crage of 3.5<foldh The wvast muonty of the
probes on this amay (Y8.5%) now maich the
currcnt macaque  genome release with high
confidence and represent 15,690 unigue genomic
loci. These provide a representation ol recog-
nized Runctional pathways with an enhancement
about three times that of the previous data, and
overall more uniform and robust hybridization
signals compared with those of previous micro-
armys (69Y) (ables S9.1 10 59.3).
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The power of global transcriptional profil-
ing with advanced macaque-specilic reagents
has been demonstrated in studies of virulence
and pathogenicity of influcnza from historic
pandemic strains, as well as flom emengzing
agents of zoonotic erigin, We infected macaques
with the human influenza strain A Texas 369
(7t and comparcd the expression changes
observed in lung tissucs to those seen in whole
blood during the course of infection. Figure 10
shows a differential time course of expression
between interferon-induced genes and genes in
the inflammation pathway, in different tissucs
(table S9.4), The increased expression in lung
tissue shorly alier infection reflects the carly
innate  response, whereas genes  associated
with the reemergence of the inflammation
pattern at day 7 implicate a tmnsition 1o an
adaptive immune response. These kinds of
studies will be crucial for elucidatng all of the
transitions [rom mnate to adaptive mmune re-
sponses and are fully enabled by the macague-
specilic microamrays developed from the genome
sCquenoes.

We expect many more immediate examples
ol the impact ol other wols developed from the
linished macaque genome. For example, the
requirement for improvements in PCR-based
methods is shown by a recent repont on the
large-scale cloning of terminal exons for ma-
caque genes, in which the use of human primers
was successiul, on average, in 67% ol cascs
(71 Only a native sequence can allow sufli-
cient precision for these types of highly specilic
assays. A similar increase of activity in studies
of the macaque proicome can be predicied,
aiven that carly effons in macagque proleomics

have had 10 rely on human reference sequences
for analyzing liquid chromatography and tan-
dem mass spectrometry daia (760),

Discussion

The draft genomic sequence reported here has
already moved the macaque from a model that
has been much studicd at the level of physiol-
ogy, behavior, and ecology 10 a whole-organism
system that can be interrogated at the level of
the single DNA base, This wansformation is
evident in the liemture as well as in this special
section (15, 19, 57, 72)

Additional general conclusions emerged
from this swdy, First, the data make it con-
ceivable to deline compleiely all of the oper-
tional components of the pathways underlying
the individual biological systems that together
constitute the functioning adult macagque. For
example, a complete description of all the dif-
feremt macague immune function components
will enable an even more thoughtful wse of
rhesus macaques in arcas such as AIDS rescarch
and for vaceine production.

Second, we were struck by the high value
of adding regions of genome fimshing 1o the
draft sequence for the comparative analyses
of genes and duplicated structures. This pro-
vides an argument for future finished primate
LENOMES.

Third, the data now provide new oppor-
tunities to explore the basic biology ol this
highly successful species. Rhesus macaques
retain a broad geographic distribution with
reasonably healthy population numbers and
widely studied ccology and ethology, The ge-
netic resources generated in this study will

Table &. Examples of human mutations that cause inherited disease and match an ancestral or
nonhuman primate state. Chr:start-stop shows the address in the March 2006 human assembly.
Name is the name used by the Human Gene Mutation Database (64). The notation "N=A:CHMT"
means that N is the consensus human amino acid, A is the disease-associated form, C is in the
current chimp assembly, H is in the inferred human-chimp ancestor, M is in rhesus, and T is in the
inferred human-rhesus ancestor {(the mouse and dog were used as outgroup species) (73).

Chr:start-stop Strand Name R;El::: ;;::: . Gene Disease
chr1:94270150-94270152 - CMD14300 R=Q:RRQR  ABCA4 Stargardt discase
chrl:94316821-94316823 * CM015072 H=R:RRRR  ABCA4 Stargardt disease
chr1:94337037-94337039 - CMO42258 K=0:000Q ABCA4 Stargardt disease
chrb:26201158-26201160 + HMO30028 V=ANVAA HFE Hemachromatosis
chr7:116936418-116936420 + (M940237 F=L:FFLL CFTR  Cystic fibrosis
chr7:117054872-117054874 +  CM941984 K=R:KKRK CFTR  Cystic fibrosis
chr12:101761685-101761687 - CMI6254T7 Y=H:YYHY PAH  Phenylketonuria
chr12:101784521-101784523 - CM941128 I=T:0TI PAH  Phenylketonuria
chr13:51413354-51413356 - CMO44579 VaAAAMA  ATPFE Wilson disease
chr13:112843266-112843268 +  CM021094 D=E:DDED Fig Factor X deficiency
chr17:37948991-37948993 +  CMD40465 R=Q:RROQ  MAGLY Sanfilippo syndrome B
chr19:43656115-43656117 + CMDB4230 5=>0:6GGG  RYRI  Malignant hyperthermia
chrX:38111528-38111530 + [M941115 R>H:RRHH Orc  Ornithine hyperammonemia
chr¥:38125613-38125615 + CM961052 T=M:MTTT  OFC  Ornithine hyperammonemia
chr¥:138458220-138458222 + CM045148 E=K:EEKK F9 Hemophilia B
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undoubtedly form the basis of many analyses Finally, the genomic reamangements, dupli-
of population variability and inter-population  cations, gene-specific expansions, and measure-
diversity. ments of the impact of natural selection presented
A Ancestral alleles are now mutations in human Fig. 9. Ancestral disease
ABCA4 Lys223Gin CFTRPheBTLeuy  Mutations. EBxamples of

boreceutherian R VT Q A G R YGILLYL Duman mulations that
primate i e g S S m?!fh“ﬁ‘ﬂﬂwﬂtfwl
catarrhine e Ehemie el vl (il me chimp and/or macaque
hominid o v oD o s are shown. (A} Genes in
human mutation . . .04 .« . . w5 sl = which the ancestral allele
human normal . . . K. . . v B . .. is now the disease-
chimp o sl e IS EEER associated allele in hu-
:‘:i“q"' Al EETE T mans. (B) An instance
s T I 0 o ) in wh_lch the mutant
At e e e e W . allele in humang is the
e i e g e =T e [ normal allele in ma-
dog caque. The amino acid
elephant R o iR me sequences predicted for
opossum « » GHL . H B o+ 4 5 the boreceuthenan an-

cestor (65) are given on
B Alterad sequence is disease-associated in human but normal in macagque  the top row of each
alignment block. Iden-

hox hari Dfim'gdﬂ-lm tities are shown as dots and differences are given as
pri.:.:::t shan L lf ) ROLL O etters :t?i]. The position of the mutation in humans &
SR i o ..., boxedin orange, and the box extends through the rele-
boainid . . . . . . . vantcomparisons.

human mutation . . . H . . .

human normal s ol i

chimp s o+ s Bl i s
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Fig. 10. Application of rhesus-specific microarrays. A microarray based on the rhesus macague
draft genome was used to analyze gene expression in @ macaque model of human influenza
infection. Gray bars measure an overall response for indicated functional categories, based on
corresponding heat maps, and reveal a significant rebound in expression at day 7 for genes
associated with the inflammatory response, when compared to interferon induction. Red, increased
expression; green, reduced expression. Details are given in (7, 70).
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here have revealed the nch and heterogencous
genomic changes that have occurmed during the
evolution of the human, chimpanzee, and ma-

caque. The marked diversity ol the types of

change that have occurred demonstrate a major

feature of primate evolution: The aggregation of

changes that we see. cven in closely related
species, docs not retlect smooth, progressive,

and orderly genomic divergence. Modes of

abrupt or punctuated evolution already acknowl-
edge that smooth and continuous change s
diflicult w achieve on an evolutionary tme
scale, but this study provides a notable example
of the operation of this principle in our close
relatives,
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Human-Specific Changes of
Genome Structure Detected by
Genomic Triangulation

R. A. Harris,™ ). Rogers,® A. Milosavljevic™**

Knowledge of the rhesus macaque genome sequence enables reconstruction of the ancestral state
of the human genome before the divergence of chimpanzees. However, the draft quality of
nonhuman primate genome assemblies challenges the ability of current methods to detect
insertions, deletions, and copy-number variations between humans, chimpanzees, and rhesus
macaques and hinders the identification of evolutionary changes between these species. Because of
the abundance of segmental duplications, genome comparisons require the integration of genomic
assemblies and data from large-insert clones, linkage maps, and radiation hybrid maps. With
genomic triangulation, an integrative method that reconstructs ancestral states and the structural
evolution of genomes, we identified 130 human-specific breakpoints in genome structure due to
rearrangements at an intermediate scale (10 kilobases to 4 megabases), including 64 insertions
affecting 58 genes. Comparison with a human structural polymorphism database indicates that

many of the rearrangements are polymorphic.

he human, chimpanzee, and thesus ma-

caque genomes have now all been se-

quenced, but the dmft quality of the
nonhuman primate genomes hampers accurite
comparisons between these species. A challenge
in using dmalt-quality genome assemblies to
analyee evolutionary changes is that relatively
large numbers of differences Jess than 4 Mb in
size among closely related organisms, due w
microinsertions, deletons, and  copy-number
varations, ocecur i highly dupheated regions
that are hard 1o assemble and compare. Lineage-
specilic rearmngements in pamates have been
detected by chromosome banding (/) and u-
orcscence i situ hybridization (2), but these
methods are not sensitive enough o idemtify
microinsertions and deletions. Army comparative
genomic hybridization can detect microinsentions
and deletions (3-) but cannot position them on
the genome. Chimpanzee fosmid end sequences
(FESs) that map inconsistently, based on insen
size and onentation, onto the human genome
have been used 10 detect structural differences
{ 73, but such studies are prone o false positives
and negatives in regions where the genome
asscmbly is incompleic or emoncous and are
limited to comparisons of two species. FES
mapping, along with pairwise genome assembly
compansons between human and  chimpanzce

"Department of Molecular and Human Genetics, Baylor
College of Medicine, Houston, TX 77030, USA. “Human
Genome Sequencing Center, Baylor College of Medicine,
Houston, TX 77030, USA 3Bepart|mnt of Genetics,
Southwest Foundation for Biomedical Research, San
Antonio, TX 78245, USA,
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(&), could not establish the ancestral genome state
nor assign structural reamangements o specilic
lincages. It is increasingly evident that the
reconstruction of primate genome evolution
requires the integration of genomic data obtained
by different methodologies (91, due, in pan,
1o segmental duplications that confound both ge-
nome asembly and determination ol orthology.
We performed a three-way companson of the
rhesus, human, and chimpanzee genomes o
reconstruet the ancestral genome at the branching
point of chimpanzee and human, We were able o
infer human-specilic rearmngements, including
insertions, deletions, and inversions, al an
intermediate scale of resolution above the 10-kb
retroposon insertion siee and below the 4-Mb
size detectable by cyiogenetic methods.
Gienomic iriangulation reconstructs genome
evolution by inputting penomes and other avail-
able genomic data from at least three species,
two of which form a monophyletic group and
onc of which is basal o those two and serves as

an outgroup. The output s a reconstruction of

the ancestral genome of the monophyletic group

and a map of breakpoints in specific branches of

an unrooted phylogenetic tree. Genomic frian-
gulation consists of three main steps (Fig, | and
SOM moethodsy: (1) blockset construction, (1)
ancestral threading, and (i) ancestral  gapset
construction.

The blockset construction step (Fig, 1) takes

two genomes and produces blocks consisting of

pairs of orthologous chromosomal segments un-
broken by large-scale reamangements (/2), cach
block comesponding to a scgment of the ances-
tral genome of the monophyletic group, Blocks
are infemed from collinear onbologous anchors

SPECIALSECTION

across two extant genomes. The orthologous
anchors are markers in either comparmtive
linkage maps or radiation hybrid maps or are
inforred  from genome assemblies and  large-
insent clones. When clone ends of one species
anchor onto loci in ancdher species at a distance
consistent with insent size and In comect oren-
tation, a clone-sizad block s mberred. Owverlap-
ping consistent clone-sized blocks are mengzed
into larger blocks. Blocks produced by different
anchoring methods are similarly merged on the
basis of regions where their genomic coor-
dinates overlap. If different methods produce
inconsistent blocks, the longest block is chosen
as the best orthology assignment.

The ancestral threading step (Fig. 1) deduces
the ancestral genome structune from blocksets in
a process similar o standand genome assembly.
The overlap of blocks from different blocksets is
deduced from overlaps of positional coordinates
of the blocks within a single specics. All over-
lapping blocks from the three pairwise blockscts

are “threaded™ by this method into scallolds of

an ancesiral penome. The inferred ancestal ge-
nome and the pairwise blocksets between extan
spocics are then used 0 deduce ancestml block-
sets connecting the extant genomes with the
ancestiml genome.

Because every breakpoint is lanked by two
blocks, for cach pair of adjacent blocks we de-
line an entity we call a gap. The distances be-
tween the paired blocks in the two genomes are
associated with cach gap, The ancestral gapsct
construction step (Fig. 1) infers ancestral gapscts
lrom ancestral blocksets. The ancestral gaps lo-
calize breakpoints positionally within a genome
and evolutionarily within a branch of the phylo-
genctic trec,

Genomie tnangulation was applicd 10 map
the evolution of the genomes of the human, chim-
panzee, and rhesus macaque. The resulls, in-
tegrated with those obtained by other methods,
are summarized i (13). The input data lor pe-
nomic trangulation were human, chimpanezee,
and rhesus genome assemblies anchored by Pash
/4y and University of Califomia Santa Cruz
(UCSC) Alignment Nets (13), mapped Tosmid
and bacterial antificial chromosome (BAC) end
sequences. rhesus BACs mapped by pooled
genomic indexing (f6), and human-rhesus come-
parative linkage (/7) and radiation hybrid (/4)
maps. Varving combinations of merged data scis
were input 1o detect breakpoints at six different
levels of resolution (able S4). Detected break-
points were merged into a single set for further
analysis. A total of 288 putative human-specilic
breakpoints were detected by penomic mangula-
tion. Figure | shows the general method tha
allowed us 1o infer the existence of a human-
specific breakpoint,

Visual inspection of the breakpoint loci by
mieans of the UCSC Genome Browser revealed
158 breakpoinis that could not be corroborated
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and were classified as possible false positives
(SOM methods and table 55). Of these, 31 were
due to gaps in the human assembly. The rne-
maining 127 are disagreements with alignment
nets in the UCSC Genome Browser and may
represent artifacts associated with the current
mmplementation of the genomic rangulation
method. Among the remaming 130 human-
specilic bre: |L|'m|n.la there are 64 insertions, 7
deletions, 16 mversions, and 43 breakpoints that
could not be upambiguously assigned o a
specilic type of marmngement (Fig. 2), The
average size of detected reamangements on the
human genome was 110,063 base pairs (bp),
ranging from 20 w 1365171 bp,

The human-specific rearrangements  were
compared with reamangements detected by the
mapping of chimpanzee FESs onto the human
genome (7). A total of 32 breakpoints detected
by genomic tmangulation overlapped with 68
reamangements, out of a total of 392, dewcted
by FES mapping. Because FES mapping docs
not assign rearmngements 1o a specilic lincage,
by virue of overlap the 68 rearmngements de-
tected by FES mapping could now be placed in
the human Imeage. In order o estumate the
amount of overdap expected by chance, 100 sets
ol random genomic locations, with sizes matched
to the rearrangements detected by genomic
triangulation, were created and their overdap with
the FES rearrangements was determined. On aver-
age, 25 random locations overapped with FES
rearrangements, indicating a 2. 1-told (52/25)
enrichmem for overlap in the genomic tiangu-
lation set as compared W the random set.

Comparison of detected rearmngemenis 1o
the Segmental Dups track from the UCSC
Gienome Browser (/91 revealed that 1 delation,
T inversions, and 32 unclassified reamrangements
were within 10 kb of a scgmental duplication.
OF the 64 inserions, 42 (66%) overdapped
segmental duplications, with 25 insertions being
at least 93% identical o their paralogs, as would
be expected for recent duplication events (Fig.
2). The remaining 20 insertions were mostly
under 20 kb, with 17 consisting ol metrotrans-
posons anking a small segment of putatively
transposcd  sequence, suggesting  transduction,

The insertions account for roughly one-half of

the 8 Mb (&) of human-specific sequence
estimated from comparisons of human and
chimpanzce genome assemblics, but only a
small fraction of the 37 Mb of human-specific
soquence estimated on the basis of whole-
senome shotgun-read analysis (20,

To further substantiate the insenions, chim-
pangee and rhesus BAC and fosamid clone end
sequences with mappings that span the inser-
tions were identified. Chimpangee or rhesus
clone ends that map onto the human genome at
a distance significantly greater than expected
based on the distabution of the clone insen sizes
suggest that an insen has occwred in the human
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relative 1o the other species, OF 64 inscrtions, 22
were spamned by both chimpanzee and thesus
clones and 24 by clones from only one of the
species, with a mapping distance significantly
longer than expected.

A total of 22 of 130 (17%) breakpoints
occur on the X chromosome, which comprises
only 5% of the genome, This highly significant
enfichment (z score > 6) 1s consistent with a
threefold ennchment in breakpoints in X de-
tected in rhesus-human compansons (13 and
contrasts both with the significantly lower base
pair-level diverzence of the primate X chromo-
some as compared 1o the autosomes (242
and with the conservation of the eytogenetically
detectable structure of the X chromosome in
primates,

We identified 58 genes affected by insertions
(table S8), including 36 gene copies fTully
contained within insertions, An additional 22
genes were cither partially  duplicated or con-
tamed an msertion. OF the 36 fully duphcated
genes, 7 were previously identified as human-
specilic (20,

To detenmmine whether the detected human-
specilic rearrangements are fixed in all humans,
we ideniificd overlaps between the reamange-
mients and structural variants from The Centre for
Applied Genomics (TCAG) Database ol Ge-
nomic Varants (24 OF the 130 rcamangements,
53 overapped with at least one polymomhism on
the basis of coordinates. We also mndomly
selected 1K) sets of 130 genomic locations,
matching the genomic tiangulation—detected re-
armangement sizcs, and identified overdap with
the TCAG database, On average, only 28 random
locations overdapped with polymorphisms. This
1.9-fold (53/28) enrichment in polymorphisms in
the detected set as compared 1o the mndom st
sugpests that a significant fraction of reamrange-
ments are structural alleles that are either
polymomphic, and hence not fixed, in all humans
or clse ane sites of recurrent rearmmgements,

Cenomic mangulation cleardy mimics the
overlap and lavout stages of the overap - layout
consensus genome assembly method (23), b
the two methods differently employ abductive
ihypothesis-generating) and deductive inference.

Threading via
I Genomic Data Chimp Rhesus
1. Blockset Constructio
. Blockset Cons n
'--._-.-‘ h-d
Pairwise Blocksets Ancestral Blocksets
[ chmpRhess | [ compamesor |
T 2. Ancestral
J Threading _

Human

!/ i 2\ imn

3. Ancestral Gaput Construction|

uewWwnH

Rhesus
Pairwise Gapsets

Color Legend

Anceston Ancesion

5 } Human-Specific
B Insertion
Ancestor

Ancestral Gapsets

Fig. 1. Detection by genomic triangulation of a human-specific breakpoint induced by an insertion.
In the example shown (left), blockset construction revealed one long conserved block for a chimp-
rhesus comparison. However, blocks from human-chimp and human-rhesus blocksets align except
for a gap, which suggests that there has been a human-specific insertion. This is further illustrated
by the pairwise gapsets. Pairwise blocksets and gapsets between extant species are represented by
primary colors (red, blue, and yellow) and those between an extant species and the ancestor are
represented by complementary colors (purple, green, and orange). Gapsets are represented as gap
maps, with white circles representing gaps and circle coordinates indicating sizes of the gaps in specific
genomes. Gapsets on the left indicate breakpoints in human-chimp and human-rhesus paimwise
comparisons due to the human breakpoint. Ancestral gapsets on the right indicate the breakpoint
between human and the ancestor,
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Fig. 2. Human-specific
breakpoints. (A} Chromo-
some ideograms of 130
human-specific break-
points detected by geno-
mic triangulation, with
breakpoint counts by
chromosome. (B) Gap
map with ancestor gap
lengths on the x axis and
human gap lengths on
the y axis. Only gaps
greater than 10 kb in at
least one of the genomes
and smaller than 4 Mb
were considered. Some in-
sertions occur to the right
of the y = x axis because
visual inspection revealed
inaccuracies in gap sizing,
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First, because the fmgments of an ancestral
genome cannot be sequenced directly, they are
inferred abductively in the blockset construction
step. In other words, cach hlock of similanty is
explained by hypothesiang that a corresponding
fragment was present in the ancestral penomie.
Second, the fragments are not assembled into
ancesiral scaffolds abductively as in genome as-
sembly, where read fragments with similar se-
quences at their ends ane assembled ino a contig
under the hypothetical assumption that their sim-
ilarity is due 1o their ongin from overlapping
genomic loci. Insicad, the ancestral threading siep
infers the ancestral genome structure deductive-
Iv from block overlaps in assembled genomes of
extant species. In contrast 10 the contiguous
ancestral region (CAR)-building method (26),
which rclies solelv on alignment nets between
asscmbled genomes, genomic nangulation inte-
grates assembly anchoring data with clone end
sequencing and physical map infornmation, therehy
reducing problems associated with drafi-guality
assemblics, CAR can detect inversions, trans-
locations, fissions, and fusions larger than 50
kb in length but is insensitive W insertions and
deletions detectable by genomic mangulation,
The genomic riangulation method introduces
the gapset. a key concept complementary to that
of a blockset (7.2). Gapsets provide a means of
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B 90-82%

@ No Duplication

Insert Size (Kbp)

tracking breakpoints, which cannot be adequate-
Iy expressed using blocksets, A gapsel opera-
tiomally defines breakpoints under minimal
assumplions, thus helping to inlegrate genome
information from multiple sources. Ancestal gap-
sels localize breakpoints both by position, by
Manking blocks within a genome, and phyloge-
netically, by assigning them to a specilic branch
of a phylogenetic tree, thus providing maximal
information for the reconstruction of evolution-
ary changes in genome struciure,
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Mobile DNA in Old World Monkeys:
A Glimpse Through the Rhesus

Macaque Genome

Kyudong Han,'* Miriam K. Konkel,™* Jinchuan Xing, ™t Hui Wang,"* Jungnam Lee,*
Thomas ). Meyer, Charles T. Huang, Erin Sandifer,® Kristi Hebert,® Erin W. Barnes,’
Robert Hul‘nl&;-,n2 Webb Miller,"’ Arian F. A. Smit,z Brygg ullmer,‘ Mark A. Batzerli

The completion of the draft sequence of the rhesus macaque genome allowed us to study the
genomic composition and evolution of transposable elements in this representative of the Old
World monkey lineage, a group of diverse primates closely related to humans. The L1 family of
long interspersed elements appears to have evolved as a single lineage, and Alu elements have
evolved into four currently active lineages. We also found evidence of elevated horizontal
transmissions of retroviruses and the absence of DNA transposon activity in the Old World monkey
lineage. In addition, ~100 precursors of composite SVA (short interspersed element, variable
number of tandem repeat, and Alu) elements were identified, with the majority being shared by the
common ancestor of humans and rhesus macaques. Mobile elements compose roughly 50% of
primate genomes, and our findings illustrate their diversity and strong influence on genome

evolution between closely related species.

Id World monkeys (OWMs) represent

one of the most closely related primate

groups 10 humans. The rhesus macaques
{ Macaca mudatta), along with other OWMs, have
been extensively used in biomedical studies (1),
An improved understanding of their genomic
architecture could hold imponant implications
for medicine, evolutionary understanding, and
beyvond. Similar w0 the human and chimpanece
genomes, roughly 530% of the rhesus macaque
genome consists ol vanous repelitive sequences
(2= The majority of these repeats are mohile
elements, which can be divided o class [ DNA
transposons (33 and class 11 rerotransposons (6).
Relmed wmansposable elemenis are (uher cat-
cponzed ino families, with cach family funher
classified into sublamilics on the basis of their
sequence relationships. The insertion of mobile
clements can alier gene expression (7). generate
genomic deletions (8), and even create new genes
and gene families (9). Existing repetitive clements
can also mediate recombinations between similar
clements at differemt genomie locations {(ectopic

1Depanmm of Biological Soences, Biological Computation
and Visualization Center, Center for Bio-Modular Multi-5cale
Systens, Lowisiana State University, Baton Rouge, LA 70803,
USh, finstitute for Systems Biology, Seattle, WA 98103, USA.
“Center for Comparative Genomics and Bioinformatics,
Pennsylvania State University, University Park, PA 16802,
LI5A, artment of Computer Science, Center for Computa-
tion and Technology (CCT), Lowisiana State University, Baton
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recombination) (/). In addition, the GC-nch
nature of cenain mobile elements jeg., Al and
SVA [short interspersed element (SINE), variable
number of tandem repeat (VNTR) and Adu]
elements} can introduce new GO islands through
ther insertion (3}, Despite the overall similarity in
retrotrnsposon mobiliztion activity in the WM
and hominoid (human and ape) lincages, mobile
clements have continued 10 evolve independently
in both lincages. Close examination of the overall
mobile-clement composition i OWMs, with the
rhesus macaque genome used as o reforence,
allows an understnding ol their lincage-specilic
expansion and illustrtes therr overall contnbution
1o genome evolution.

Without any detected lincage-specilic copies,
DNA wansposons, which mobilize through a cut-
and-paste mechanism, appear 1o have been in-
active in the rhesus macaque lineage since their
speciation from humans. The paucity of DNA
transposon. mobilization in mammals, and in
amnioles in geneml, is noteworthy by compari-
son with other orpanisms (c.g., plants) and may
result from the relative difficulty in horizontal
transfer into animals”™ germ lings ().

Similar 10 the human genome, the rhesus
macaque genome contiins over hall a million
recognizable copics of endogenous retrovinises
(ERWs) and their nonamonomous  denviatives,
with the great majority being present or fxed
before the hominoid-OWM splin (/2). We found
evidence for at least eight instances of hordzontal
tmnsmission of ERVs in the OWM lincage
resulting in 2750 extant copies (table S| and
SOM Text) This is much higher than in the
human lincage, where there is evidence for only
one or wo invading elements leaving fewer than

L0 extant copics (/3). Five of the cight honzon-
tlly transmiticd ERVs belong o class | reto-
viruses, and the remaining three belong 1o class 1
retroviruses (shown in red letters in Fig 1L Apan
lrom these new invasions, at least seven ERV
familics already entered the genome before the
hominord-OWM split and remamed active atler-
ward. There are over 3500 copies of these ERV
subfamilics in the OWM lincage, similar to the
numbser of lincage-specitic ERY copics in humans.
The LIPA (primate A} family of long inter-
spersed elements (LINES) represents the domimant
active L1 lincage throughout primate evolution, In
our analysis, LIPAS was the most commonly
recovered L1 subfamily, and 19000 LIPAS
cements specilic o the OWM lineage were
identified in the rhesus macaque genome, Most
of these clements represent insertion events that
occurmed along the OWM lincage leading 1o thesus
nacagques and are therelore present i multiple
OWM species (fiz. 82) A ol of 32 OWM-
specilic L1 subfamilics were identified with the use
of diagnostic substitutions present in these cle-
mecnts (table 821 To investigate the relationship of
Lls, we constructed a median-joining  network
with their consensus sequences (Fig. 2 and SOM
Texty and esumated the age of cach sublanuly
itable S2). The network resulis indicated that the
OWM-specific L1 lincage rooted with the LIPAG
consensus sequence, and several lincages roughly
lollowed a sequential order, with litde overlap in
their amplification period. The sequential evolution
of LI clements appears to ollow a general trend
seen in marmmealian Ls (/) and may resull from
amplilication competition between two distinet LI
lincages (/5). Aliogether, we identifiecd nine pu-
tative relmlransposition-competent Lls in the
ticsus macaque genome, and they belonged 1o
the LICER-3 or LICER- subfamilics: cach LI
subfumily name s identified by “CER™ (which
stands for Cercopithecidac, indicating the onigin of
the consensus soquence) and an Arabic numeral
indicating its lincage (7 2). Nine was a considerably
lower number of potentially active L1 elemenis
than that in the human genome, which has 80 1o
100 active copies (/6). Nevertheless, itis likely tha
additional  retrotransposition-competent L1 cle-
ments will be recovered in more refined drafis of
the rhesus macague genome,
Retrotrmmsposon-medinted DINA sequence trans-
duction is a pocess wherehy o retrolransposon
camics a fhnking genomic sequence during its mo-
bilezation that can result in exon or gene duplication
{7 Three L] cloments with 5" imnsduced exon
derived sequences were identificd in the thesus ma-
caque genome. Moreover, detatled analysis ndicated
that one of the three msertions occuned m an exon of
another gene (table 53 and SOM Text). These three
events empincally demonstrate that exon-derived
sequenees can be transfomad via 5 L1-mediand
transduction within pamate genomaes and that 5°
transduction constitutes a second mechanism of
retrotransposon-mediated “exon shullling.”
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Fig. 1. Phylogenetic tree of retroviruses based on full-length Pol proteins. Common infectious
retroviruses and endogenous retroviruses, present in fish, birds, mammals (nonprimate), and
primates, were included in the analysis. Color identifications for each group are shown in the upper
right corner. Asterisks and circles show deep-rooted branches with =95 and =75% bootstrap
values, respectively. The ERVs identified in this study that invaded the OWM genome horizontally
{i.e., through external germline infection) are indicated with red letters. For all ERVs shown in blue
letters, the original insertion occurred in the common ancestor of humans and rhesus macagues
(i.e., vertically) and is present in both genomes. All ERVs indicated with blue letters also generated
new insertions in the OWM lineage. The scale bar indicates 10% divergence in the amino acid
sequence.
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Fig. 2. Median-joining network of OWM-specific L1 subfamilies. Subfamilies are represented by
circles, with the circle size symbolizing the relative size of each sublamily. The length of the lines
corresponds to the number of substitutions. The scale of a single substitution is shown in the upper
left corner. Broken lines indicate segments not drawn to scale. Gray circles represent the sub-
families belonging to the L1CER-3 lineage, which include an 18-base pair (bp) duplication in their
3" untranslated region (3'UTR), and green-edged circles contain intact full-length L1 elements. The
dashed line and red arrow represent two alternative pathways for the origin of the L1CER-4
subfamily. The subfamilies in the blue and pink ovals share the same diagnostic mutations but do
not share the 18-bp duplication. My, million years.
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Al elements ane the most successiul SINEs in
primate penomes (&), and 110,000 Ay insertions
are specilic w OWMs Fourteen differemt OWM
lincage specific Al subfamilies tell mto four
lincages, shown in a median-joining  network
analysis (Fig, 3), and were identified with cstimated
copy numbers (table 543 All subfamilics were
cstimated o have ongimated afier the hominoid-
OWM divergence and were congruent with our
phylogenctic analyses showing that all of these Al
subfamilics were restncted w OWDMs (SOM Text),

The simultancous retrotmnsposition activity of

multiple Al sublamilics is similar 10 that in the
human genome, and the activity ofmultiple “source
genes” may have contributed 10 the amplification
success of Al elements despite their reliance on LI
engvmatic machinery for mobilization (/¥),

About 1) precursors of SVA were identilied
in the rhesus macagque genome. The variable
number of tandem repeat (VNTR) regions of these
clements share =900 wdentity with the VNTR uni
i hominoid SVA elements (20, alihough they
hawve no soquence homology with other compo-
nents of SVA dements. Thus, these clements ap-
pear o have contributed a portion of the genetic
naterial required o form the SVA composite
retrotransposon family in hominoids, The majonty
of these clements are shared between human and
thesus macaque, indicating that these clements
were active before the divergence of hominoids
and OWMs. The low number ol lincage-specilic
clements (<20 in the OWM lincage) suggests a
vary low retrotrnsposition rate of SVA procursor
clements over the past 25 million years.

Composing nearly hall' of all sequenced
primaie genomes, mobile clements—especially
FetrolnspOsons - are major components ol ge-
momic vanation and a diving force of primate
cvolution. Although the overall number of mobile
clements is similar in the human, dhimpaneee, and
rhesus macague genomes (2-4), a large fraction
of the elements inserted independently into dil-
feremt locations within cach penome and thus
shaped the genomes differently (24). Whereas
most relroransposon insertions remain neutral in
the genome, many inseriions can have deleierious
effects of varving seventy. Mobile elements can
cause genclic discases not only by direct gene
disruption or by the deletion of exonic sequence
upon insertion but also by mediating subsequent
recombination between existing relrolrmsposons.
Indeed, more than 118 human genetic disorders are
causcd by retrotrnsposons, including hamophilia
B, breast cancers, and congenital muscular dystro-
phy [sce (22) and (23) for reviews|; they ane likely
i have a similar impact on the rhesus penome, Yet,
retrolransposons we also responsible for creating a
varety of genomic novelties, They are involved in
mediating gene duplication, exon shullling. and
RNA-editing -mediated  exoniation (9, 17, 24).
Al these mechanisms can contribute o new gene
fonmation, as well as potentially aliering DNA
methylation patterns and contibuting 0 X chro-
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Fig. 3. Median-joining network of
OWM-specific Alu subfamilies. Sub-
families are represented by drcles.
The length of the lines comrespands
to the number of substitutions, and
the scale of a single substitution is
shown in the upper left corner.
Broken lines indicate segments not
drawn to scale. Gray circles repre-
sent all subfamilies belonging to the
AlYRb lineage contzining a 12-bp
deletion. Red-edged circles denote
the youngest Al subfamily within
each lineage, and the blue-edged
circle indicates the AluY subfamily
CONSENsLS Sequence,

mosome  inactivation in females (25, 26). In
addition, retrotransposons provide highly valuable
genclic svsiems for primate population  and
phvlogenctic studics, bocause they have a known
ancestral (e, inscrion-absent) state, and the
chance that the same tvpe of element would
integrate at preciscly the same location in multiple
individuals is cssenmially zemo e, the insertions
are idemtical by descem) (27, 28) Alwgethoer,
understanding  the mobile-clement  landscape in
primutes s not only mportant for biologists but
also erucial for biomedical researchers using
primuate animal models.
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Demographic Histories and Patterns
of Linkage Disequilibrium in Chinese
and Indian Rhesus Macaques

Ryan D. Hernandez,* Melissa ]. Hubisz,” David A. Wheeler,? David G, Smith,**
Betsy Ferguson,®’ Jeffrey Rogers,® Lynne Nazareth,® Amit Indap,* Trac Bourquin,?
John McPherson,® Donna Muzny,? Richard Gibbs,® Rasmus Nielsen,? Carlos D. Bustamante®*

To understand the demographic history of rhesus macaques (Macaca mulatta) and document the
extent of linkage disequilibrium (LD) in the genome, we partially resequenced five Encyclopedia

of DNA Elements regions in 9 Chinese and 38 captive-born Indian rhesus macaques. Population
genetic analyses of the 1467 single-nuclectide polymorphisms discovered suggest that the two
populations separated about 162,000 years ago, with the Chinese population tripling in size since
then and the Indian population eventually shrinking by a factor of four. Using coalescent simulations,
we confirmed that these inferred demographic events explain a much faster decay of LD in Chinese
(* = 0.15 at 10 kilobases) versus Indian (- = 0.52 at 10 kilobases) macaque populations.

hesus macagques (Maceoa mdaita)y and
humans shared a most recent common
ancestor (MROCA) <25 million vears ago

{Ma). and our genomes differ at <7% ol nucleotide
bases (/3. Rhesus and humans, therefore, share a
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large mumber of fundamental biological charactor-
istics, including many underlving  genctic and
physiological processes that lead 1o discase. For
this reason, thesus macaques have become a model
organism (or vaccine research (2, 3), as well as

studies of normal human physiology and discase.
Although previous studies of genctic varation in
thicsus have desenbed =300 microsatellite poly-
mophisms (4, 5), identilving specilic genetic nsk
factors lor disease requires a much preater
resolution of genetic vanation across the genome,

The current geographic rmnge of rhesus ma-
caques s larger than any other nonhuman pri-
mee. stretching from westem India and Pakistan
to the eastern shores of China (Fig. 1) Fossil
records suggest that the genus Macaca originated
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in northem Africa approximately 5.5 Ma, fol-
lowed by migration through the Middle East and
into northern India by -3 Ma (6), By -2 Ma, ma-
cagques had tmversed most of China and reached
the Indonesian archipelago, where the putative
ancestral specics of thesus macaque, M. fascicn-
faris, 15 thought 10 have onginated (4, 7).
Previous studies of matochondnal DNA (8),
major histocompatibility complex (MHC) alleles
(9, and single-nucleotide polymomphisms (SNPs)

@ Suzhou, China (n=7)
© Guandong. China (n=1})
© Kunming, China {n=1)

@ Uttar Pradesh, India (n=2)
© Kashmir, India (n=4)
unknown, India (n=32)

in gene-linked regions (/) suggest moderate levels
of genctic differentiation between captive-bom
Indion and Chinese rhesus populations. De-
viloping a more thorough understanding of genetic
vartation within and between these two populations
has important implications tor bicmeedical rescarch.
For example, when intected with the simian im-
munodeticiency  virus, ammals from Chinese
populations develop AIDS-like symptoms more
showly than animals from Indian populations (.3),

Fig. 1. The current geographic range of rhesus macaques [green, redrawn from (20)] with the
inferred demographic history and the sample locations superimposed. The geographic location of

the MRCA is based on (4).

A n B
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Fig. 2. (A) The marginal frequency spectrum of derived mutations for each population (shown as
expected proportions in a subsample of 10 chromosomes by integrating over possible configurations of
observed and missing data, with the total number of SNPs in parentheses) and the expected distribution
under the standard neutral model (SNM) of constant size. (B) A "topographical map” of the joint site-
frequency spectrum for the two populations, with darker tones representing frequency pairs with few
SNPs, and lighter tones representing frequency pairs with many SNPs,
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We bave identified 1476 SNPs by sequenc-

mg =150 kb of DNA acoss five Encyclopedia of

DMNA Elements (ENCODE) (/1-13) regions
located on separate autosomal chromosomes in
nine captive-bom from wild-caught Chingse and
38 captive-bom Indion rhesus macaques. The
Chinese amimals derive from three disting geo-
graplucal sites, whereas the Indian ammals came
from three different colonies in the United States
(Fig. 1) Individuals were chosen o represem
rhesus macagque  populations that are cumently
being stwdicd by the imemanonal community and
o minimize relatedness in the sample [with most
individuals in the study being unrclated back 1o the
founding of the colony into which they were bom,
and none having a shared grandparem (/.3)]. In our
sample of 1476 SNPs discoverad, only 486 (33%)
were shaned across both populations, whereas 604
were found only i the Chinese population (61%
of 1090 SNPs observed) and 386 were found
only i the Indizm population (39% of 872 SNPs
observed ) The frequency distnibution of derved
mutations across SNPs [using DNA sequence
from the ENCODE project for baboon, Puapio
cvnoceplialus armedis, W0 nfer the putative ancestral
state (43)] shows that the Chinese population har-
bors an exeess of rare SNPs relative 1o a population
of constant size, wheress the Indian population has
too few rane and too many intermediate- and high-
lrequency - derived SNPs (Fig. 2A). The observed
disparity in SNP density (725 SNPs per kb for
Chinese versus 3.8 SNPs per kb for Indian) in the

two populations suggests that the effective siae of

the Chincse population is much larger than the
Indian population. given that the Indian sample
size is four times as large as that of the Chinese,
We observed a modemate level of population
structure between the Indian and Chincse samples,
as measured by Wnght's Fgp statistic (avermge
Fer = 0.14: 5D = 0.11: range = 0024 1o 0.645)
(Fig. 3A). Furthermore, the Bayvesin clustenng
program STRUCTURE (f4) clearly separates
Chinese and Indian individuals when assuming
two clusters (Fig. 3B), and considening more

clusiers does not signilicantly improve the fit of

the model. We found only one Chinese individual
with a marginal amount of Indian ancestry (8.5%,
sampled from Suzhou) and cight Indian individ-
uals with more than 3% Chinese ancestry [max
16.8%, including animals from all three primate
centers (/3)). These low levels ol admixiure
sugeest that recurrent migration between the
populations has been munimal. Morcover, the
two populations were clardy  distinguished by
principal components analysis (£3) along the firg
two axes of vanation (Fig. 3C). Interestingly, the
second component also separates one Chinese
individual (sampled from Suzhou) from the others,
which suggests that further population sub-
structure may exist. Although this individual is
not differentiated from other Chinese-origin ani-
mals in the STRUCTURE analysis, it may,
nonetheless, harbor alleles from an unsamplid
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Fig. 3. (A) The distribution of g
Fgr between Indian and Chinese
rhesus, calculated with the average
pairwise-difference across each
nonoverlapping window (13). (B)
STRUCTURE results. Individuals are -]
represented by vertical lines, and

count
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|

0
L

—. __r—

sorted by their amount of Chinese
ancestry (black wvertical line sepa-
rates amimals with Indian and

Chinese origins). Colors correspond to the proportion of an individual’s ancestry attributable to
a given population (blue, Indian; red, Chinese). () Principal component 1 (PC1} and PC2 separate

T T T T
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Indian from Chinese individuals, PC2 also isolates a single Chinese individual [corresponding to an

individual sampled from Suzhou and shown as the fourth individual from the right in (B)].

Fig. 4. The decay of LD for Indian and &
Chinese rhesus macaques versus European =
and African humans (n = 9 for all samples),
along with the decay of LD for 1000 neutral

simulations of our inferred demographic 3

history for rhesus macaque. Human data are

from three ENCODE regions orthologous to o

the rhesus data (13, 21). o
o
[=]
(=]
(=]

Chinese subpopulation (i.c., the two wild-caught
parcnis nay be from different subpopulations).
Using maximum likelihood under the assump-
tion that the amimals in this study fomm o rukdom
sample from their respective population (F.3), we fit
a two=population demographic mode] w the joint
distribution of SNP frequencies, or site-froquency
spectrum, shown in Fig. 2B, Our model suggesis
than the Chinese population expanded by a factor
of 33 and separated from the Indian population
=162 thouwsand vears ago (ka) (95% confidence
interval, C1 = 183 1 132 ka). Afier separating, the
Indian population maintained its ancestral popula-
tion size until ~51 ka Cl = 72 10 21 ka)], when it
was reduced by a bctor of 4.3, The population
genctic model, although a very simplistic approx-
imetion to the rich and complex history ol the
specics, fits the data well, as indicated by a
goodness-of-fit test (P = 0.133). Coalescent
simulations (/3) on the basis of the infemed
demographic history for Indian and Chinese rthesus
macaques sugeest that the MRCA of the two
populations fived ~1.94 Ma (SE 14 Kv). This
estimate places the MRCA of thesus near the di-
vergenee time from M. fasciordars, inferred from
mitochondrial DNA o be 1.83 to 3 Ma (f6, 17).
Moreover, our simulations suggest that the effec-
tive size of the ancestral population of thesus

13 APRIL 2007 VOL 316 SCIENCE
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AFR-human
Chinese-rhesus
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macaques was 73,070 (SE 231) individuals,
implying that the cumrent effective size of the
Chinese population is =239,7(4, whercas the
Indian population is estimated to be ~17,014.
The recent demographic events that caused

these difterences in efléctive population sizes of

Indian and Chinese rhesus macaques have also
had a large impact on linkage disequilibrivm { LD).
To quantify the exient of LD in Indian and Chinese
rhesus macaques, we measured the corrclation
coeflicient () of alleles from frequency-matched
SNPs (J3, 180, Figure 4 shows substantial differ-
ences between the Indian and Chinese rhesus
macaque populations, which are more extreme
than the patterns obscrved among humans. For
example, within the Indian rhesus population, LD
extends much further than LD observed for
European humans, whereas the Chinese rhesus
population shows litle LD, even for SNPs that ane
physically very close. Coalescent simulations (£.3)
show that the observed pattems of LD are
consistent with our inferred demographic history
of this species (shown in Fig 4 as light blue and
pink curves for Indian and Chinese rhesus,
respectively ). However, LD in the Indian popula-
tion extends shightly funther than expected. This
observation may be consistent with recent admix-
ture with a Burmese thesus population nod sam-

- . - "
"apwde . .
* Chinese
* |ndian £
T T T T T T
-0.1 0.0 0.1 0.2 0.3 0.4
PC,

pled in this study (%), because admixiure between
populations with allele frequency differences s
known 1o generate long-ringe LD,

In this study, we analyzed noncoding data in
thesus macaques to charactenize their underdying
demographic history and o quantify the extent off
LD relative to humans. The genetic differonces
that we have observed between Indian and
Chinese rhesus macaques are consistent with a
reeent report on the distribution of SNPs in these
populations ([0), as well as previous studics of
profein coding, microsatellite STR (shon tandem
repeath, MHC loci, and mitochondral and Y-
chromosome DNA haplotypes (8). Withowt
samples from wild-caugin Indian rhesus monkeys,
however, these data must be regarded as estimates,
because they may reflect a sampling bias wward
those macagques that are available for study in the
United States as a result of international restric-
tions on exportation of prRmaes.

Extending these studies w0 whole-genome
association mapping in captive-bom animals could
be fruittul for identifving genes involved in human
discases. On the basis of the pattems of LD that we
have observed, such an association study would
likely require many fewer markers 1o identify
common disease-causing variants in rhesus ma-
caques than in humans, Because LD in captive
Indian rhesus macaque populations extends much
further than in humans, a SNP map with roughly
| SNIP every 35 kb (82,000 SNPs 1otal) would
suifice 1o achieve the same threshold (12 = 0.4) as
a marker every 6 kb in humans (£3, [9). Further-
more, because LD docavs much faster in Chinese
rhesus monkeys than i humans, Chinese ma-
caques provide an wdeal platform Tor localizing
mwitations that are ditticult 1o map in either Indian
macaques or humans as a result of extensive LD
among candidate mutations in a particular region,
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Evolutionary Formation of New
Centromeres in Macaque

Mario Ventura,™ Francesca Antonacci,™® Maria Francesca Cardone,® Roscoe Stanyon,”
Pietro D'Addabbo, Angelo Cellamare,® L. James Sprague,” Evan E. Eichler,?

Nicoletta Archidiacono,® Mariano Rocchit

A systematic fluorescence in situ hybridization comparison of macaque and human synteny
organization disclosed five additional macaque evolutionary new centromeres (ENCs) for a total of
nine ENCs. To understand the dynamics of ENC formation and progression, we compared the ENC
of macaque chromosome 4 with the human orthologous region, at 6q24.3, that conserves the
ancestral genomic organization. A 250-kilobase segment was extensively duplicated around the
macaque centromere. These duplications were strictly intrachromosomal. Our results suggest that
novel centromeres may trigger only local duplication activity and that the absence of genes in the
seeding region may have been important in ENC maintenance and progression,

volutiomery new contromeres (ENCs) can
E:qumr during evolution in a novel chromo-

sonual region with concomitant inactivition
of the old coentromere. The new centromere then
becomes fived in the species while inevitably pro-
gressing toward the complexity typical of a mature
mammalian centroimere, with ntr- and mterchro-
mosomal pericenromenic seomental duplications
and a large core ol satellite DNAGT). Unambiguous
examples of ENCs were imitially reporied in pri-
mates () and then deseribed in vanous other mam-
malian orders (3). A similar phenomenon, well
known from clinical cases, is the mitotic rescue of
an aceniric chromosomal fragment by the oppor-
tunistic de novo emergence of a neocentromere (4),
Recently, o cises of neocentromenes in nonmal
individuals with otherwise nonmal karvotypes were
tortuitously discovered (5, 6). These two “in pro-
gress” centromeres can be regarded as ENCs at the
initial siage, thus reinforcing the opinion that ENCs
and chimical ncocentromenes ane two faces of the
same coin. The goal of the rescarch presented here
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wis o gain insight into the processes and moecha-
niss of ENC evolution. First, we systematically
comparcd macagque and o symeny organiea-
tion in search of ENCs. Then, we characterized in
detail a macaque ENC and compared it to the or-
thologzous domain in humans, which represents the
ancestral genomic structure before ENC seeding.
Multcolor hybndization on rhesus macague
chromosomes |[Macoaca mufatta (MMLU) 20 =
42, where n is the haploid number of chromo-
somes| of about 500 evenly spaced  human
bacterial arificial chromosome (BAC) clones

revealed that seven macaquehuman homologs
(chmomesomes 6/5, 88, 11712, 1713, 1919, 20'16,
and XX, respectively) wene colinear when the
position of the centromere was excluded . How-
ever, human chromoesomes 721, 14135, and 20022
form symienic associations @& part of thee com-
pound macagque chromosomes (3, 7, and 10, re-
spectively) Differences m marker order between
macagque ad humans wene accounted for by 20
chromosome reamangements, Reiterative fluores-
cence inositu hybndization (FISH) experiments
with additional BAC clones more precisely de-
fined rearmngement breakpomts (able S1. A
summary of all results 15 graphically displayed
at www.biologia.uniba.ivmacaque. Tables 52
and 53 provide a comprehensive list of the —600
clones that were used in FISH experiments, from
the perspective of both macaque and human
chromosomes, respectively.

This comprehensive marker-oeder companson
revezled that the centromeres of many orthologous
chromosomes were embedded in differemt genomic
contexts. To distinguish whether ENC events had
ocourred i the human or macague onholog, or in
both, we wok il account previows repons thit
aemptad 1o cstablish the ancestral fonnm for each
chromoesome (2, 3, 6-15) (Most ol these papers wse
a difleront macagque chromosome nomenclature;
here we (ollow the nomencliwre used by the ma-
CHUE Lenome sequencing consortium. For a come-
parson, see wwwhiologiauniboivmacague.) The

Table 1. Macaque chromosomes with neocentromeres. The two noncontiguous positions defining,
in human, the ENC of chromosome 1 are due to the colocalization of the ENC with a macaque-

specific inversion breakpoint.

MMuU

Paosition of the

Clones neacentromere on the Reference
(H5A)
human sequence
1(1) RP4-62101% chrl:226,810,735—2 26,866,653 Present study
RP11-572K18 chrl:160,918,751-161.035,790

2 (3) RP11-355121/RP11-418612 chr3:163,822,353-164,707,155 (&)

4 (6) RP11-474A9 chré:145,651,644-145, 845,896 (9)

12 (2q) RP11-34315/RP11-846E22 chr2:138,659,884-138,908,673 Present study
13 (2p) RP11-722G17 chr2:86,622,638-86,827,260 Present study
14 (11) RP11-625D10/RP11-661M13 chrll:5,667,339=6,043,020 {10}

15 (9) RP11-54ZK23/RP11-64P14 chr9:124,189,785-124,493,134 Present study
17 (13) RP11-543A19/RP11-527N12 chr13:61,111,769-62,699,203 (3)

18 (18) RP11-61D1/RP11-289E15 chrl8:50,155,761-50,526,34 Present study
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results of this analysis confinoed the previowsly
published resuls and exposad live macaque ENCs
(Fig. 1 and Table 1), In total between macaque and
human, there are 14 ENCs: 9 ENCs occurred in the
macaque Tmeage [MMUTL (1L 2(3) 4 (6), 1212q),
P302pn [ 000 0509, 17 013), and 18(18) {come
spondmng humen chmomosomes o parentheses)|,
andl 5 occurred mthe human hncage [HSA3 (21 6
(43 11 (14n 14 (Ta) and 15 (Th) (comesponding
migczgue chiromesomes m parentheses L whene HSA
denotes Howra sapiens|. The newly discovenad
macaque ENCs were found on MMUTL (1), 12
(290 13 (2py, 15 (9), and 18 (18) (comesponding
human chromosomes in parcntheses), In this
context, all macaque centromenes, including the
nine ENCs, harbor very large armays of alpha
satellite DNA (16) (g, Sy One possibility is
that after their amergence, new macaque cen-
tromieres were rapidly stabilized by acquiring
alpha satellite DNA,

Human chromosome 6 and the macagque
homolog, MMU4, both have ENCs, The ancesiral
centromiere for both species was  located at
HSAGp22.1 (9 (Fig. 23 and the new macagque
centromere is located at HSAGG24.3. A compar-
ison of the HSAGg24.3 region [chit: base pair
139,100,001 to
Cahforma Sama Cruz (UCSC) March 2006
release] with the onhologous regions ol dog,
ral, mouse, and opossum genomes, by canetul
inspection of the specilic alignment “Net™ in the
UCSC genome browser (hitp:!/senome. uesc,

149, 100000; University of

edu), showed that a reasonable assumplion was
that the human region closely resembled the
ancestral condition. We reasoned that a detailed
comparison ol the organization of the MMU4
centromenc-pericentromeric region with the or-
ganizmion of the human coumerpart a1 Hg24.3
might allow us to examinge hypotheses of the
formation snd progression of ENCs,

Human BAC RP11-474A9 (L2 in Fig. 2) map-
ping at chrt: 145,651 644 0 14584585960 vielded
an apparcntly splitting signal around the MMLUA4
centromene (), [twas theretore considered o be the
probable sceding point, and the FISH analvsis of
lanking markers was consistent with this conclu-
sion (Fig. 3} The construction of a BAC conug
spannimg the MMUS centromcre started, theretore,
froan the L2 locus and 1s reported m detml in the
supporting online matetal (SOM) text. To brefly
summmirize this construction, appropriate buman
sequence tagged sites (STSs), mapping within
| megabise from both sides of the MMU4 con-
tromere, were used 1o screen high-density filiers of
the macague BAC libary CH250, segment
| (hitpe! hacpac.cho.onz). FISH analysis of these
BACs showed that some of them wene duplicated
on both sides of the MMU4 centromere. The
sequencing of BAC ends and of appropriate poly-
merse chain reaction (PCR) products and FISH
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Fig. 1. All macaque (left) or human (right) chromosomes harboring ENGs.
Quinacrine mustard banded macaque (left) and human (right) chromosomes are also
displayed. Details are reported at www.biologia.uniba.iVmacaque. Some macaque

chromosomes are shown upside down to facilitate comparison in accordance with
the orlentation in the whole-genome assemblage. The Ns in red circles flank ENCs;
the As in black circles flank ancestral centromeres. Symteny block conservation is
indicated by the color, The armows on the left of some macague synteny blocks
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indicate that these blocks have opposite sequence polarity, with respect to the
corresponding block in humans., These annotations, obviously, are affected by the
upside down position of some chromosomes. The Human Genome Project has
assumed as "+ sequence polarity the 5’3" strand that starts from the tip of the
short arm of each chromosome, The assumption that centromeres were conserved
leads to a violation of this rule for macaque chromosomes 1 (1), 2 (3), 4 (6), 10
(20422), 13 (2p), and 18 (18} {corresponding human chromosomes in parentheses).
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experiments on stretched chromosomes (Fiz. 30)
allowed for the construction of a contie delining the
duplicated  pericentromenic region. In sumimary,
seven imperfect copies of a 230-kb segment,
mapping at the seading point, were duplicated both
prosinmlly and distally o the MMU4 contromaere,
The global tiling path and the detailed organization
ol the central duplicated region are shown (Fig. 4, A
and B). Duplcated remons appear to be co-onentod
with respect to each other and to the human se-
quence assembly. Unexpectedly, a high proportion
of BAC ends of duplicated clones were alphowd
i nature (30 oot of 46), These alphoid sequences

showed a monomence structure that is typical of

perpherally located alpha smellite sequences (tabk:
S8) Small, repeated iversions in the duplicaied
regions might be hypothesized 10 account for these
findings. This hypothesis, however, clashes with
[h\,‘ AP CO-01 i.l.'l!l[..lliﬂn i II'1|]|: n.,ll,l]‘llin,‘nh.ﬂ |!'t|n|.'l.,n.

Drata from human penicentromenic regions have
shown that the ratw ol inter- mntria-
chromosomal duplications s about 6:1 (/). We
previowsly suggested that duplications of the ENC

VLTSS

ol macagque chromosome 17 (human 13) were
intrachromosomal only (3), but in that case only
humun probes were used, which precluded any
firm conclusion on the absence ol mterchromosom-
al duplications, Our current rsults show that the
MMU4 pericentromenic duplications detected by
FISH were strcly intrachromosomal and  ongi-
nated only from the ENC seading point, We have
also shown that centromeres of human chromo-
somnes 3, 6, 11, 14, and 15 are ENCs (6, 9-10.
Chiromosomcs HSAS and HSAG mateh the pattem
we found on MMUY, whereas human chromo-
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Fig. 2. A reconstruction of chromosome & evo-
lution in primates [modified from (9)]. The letters
indicate the specific BAC clones used in the study (9)
and reported in table 59, PA, primate ancestral; CA,
Catarrhini ancestral; and A.C., ancestral centromere,
The letter N in a red circle represents a novel centro-
mere, A square bracket encompasses the Old World
monkey—-specific (macaque included) inversion of
K-L-M markers, with respect to the human form,
MMU4 is upside down, with respect to the comrect
position as reported in Fig. 3, to allow for an easy
synteny comparison. L2, human BAC RP11-474A9.
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somes L1, 14, and 13 accommodate laree blocks of
interchromosomal duplications (/). A careful
analysis of the evolutionary history ol the latier
chomosomes, however, showed that it was very
likely that large blocks of scgmental duplications
were alrcady present or simultaneously scedad in
the ENC region (00, /1) I could theretore be
hypothestzad that a novel contromerne tnggers only
local duphication activity, whercas mterchromosom-
al duplicatiors are iInggerad by distinet orees,
probably linked to intinsic propertics of spocilic
sequences (17, 18 However, until further coses anc

studied we carmon rube out that the duplications we
detected on MMUS are simply macigue-specilic,
The conesponding human region in proximity
i the L2 marker was investigated for gene conient.
A relatively large region (T80 kb)) harboring the
MMUY contromene has nod been annotated in the
UniProt, RetSeq, and GenBank mRNA dotabases,
The two closest gencs on opposite sides, LITRN
(chrt: 144,654,658 w 145, 200657) and EPM2A
(chrt: 145 985,133 w0 146098209, are 778 kb
apart. Heterochromatin supposedly silences embad-
died genes (79, Genes mapping 1o regions where a
centromere repositionmg occurmed might be at nsk
ol silencing, but recent repons have mdicated that a
neocentromere by asell docs nol nepress gend
expression (2f0-22), The gene silencing might be
attributed 1o the successive heterochromatization of
the region. The averaee pone content in the human
penomie is about | gene per 100 kb {waww.nebinlm,
nihgov). Human chromosome & containg aboul
1272 ECNCs, DI avVeTage I ECNC CVETY 131 kb (23).
Consequently, six genes would be expected in
the T78-kb sene-desert area. A similar pene-desen
arca was also found around the ENC of the Old
World monkey chromosome homologous 10 hu-
man chromosome 13 (3), Our data appear o
support the hypothesis that the absence ol genes in
the EMC soeding region can play an impontant role
i ENC muntenance and progression. Analyses of
additional ENCs and their comesponding regions m
the human genome will be required o determine
whether this s a stochastic occurrence or whether it
represents a prerequisite for novel centromere

survival. This hypothesis initially appears to be

Fig. 3. (A to C) Partial
metaphases showing ex-
amples of FSH exper-
ments on macaque and
human chromosomes,
with the use of the non-
duplicated BAC clones (A}
CH250-20915 and (B)
CH250-215i15 and the
duplicated clone (C)
CH250-284C24. (Mapping
details are given in Fig. 4,
A and B.) (D) Partial meta-
phases showing FISH on
stretched chromosomes

SPECIALSECTION

contradicied by the presence of active genes at the
centromenes of rioe chiomosomes 8 (24) and 3 (25).
However, Nagaki of ol and Yan of of suggest that
these two rice centromeres may  represent ENCs
that are still acquinng the full heterochronmtic
organization that 15 typical of nonmal comromencs.,
and the analysis of the fully sequenced Aralidopsis
genome strongly suppons the vicw that the absamce
of gene expression m centromenes s also o gencral
nile mplants. Ahematively, 1 could be hyvpothe-
stzed that the heterochmomatizition process pushes
the sumuwnding genes 10 pernicenimimic egions
without aflecting their expression.

Ferreri er al. (26} reviewed the various
hy potheses formulated 1o explain ENC and
clinical-neocentromere emergence. One hypoth-
csis proposes that the centrome e seading cvent s
caentially epigenctic v nature and s soquence
i:]n.lu.']hn!-,iu:l:lt 1,"'}. ."',I'.ulh-,'l |:|_~. |‘H1I:§h.'.=|i.~. 1;11|'|.~.i\§|.'|',~.
the seeding regions 10 be domams with mberemt
bitent comtromene-fomming potentality ([, 28, A
third Ivpothesis suggests thal reammgements rgger
neocentromere sceding through chromatin repal-
teming { f7). Rowses { 29) has suggested that dam-
age 1o a comromoene, ike retroposon insertion, could
rigger the emengence of evoluliomry  neoceniro-
mercs. All of these hypotheses consider ¢linical
neocentromens and EXNCS 1o be sinatly related.

An unexpected finding 5 the high number of

ENCs in recent human and Old World monkey
cvolution, In the 25 million vears since macaque
and human divergence, 14 ENCs have arisen and
become fixed in cither the human or the macaque
lil!ll_"."l':!l_'. It is difficult o CRCipe the conclsion that
EMNCs had a considerable impact on shaping the
primate genome and that they are lundamental 1o
our understanding of genome evolution, Knowl-
cdee of contromwere repositioning, for mstance,
provides a cogent explination for the unusual ¢lus-
terng of human clinieal neocentromens at 15g25,
the domam of an nactivated ancestral centromiene
(/7). Despite thor relevance, ENCs have never
been identfied on the basis of sequence analysis

lone. Indeed, the extensive pencentromene dup-
lication we report has not been identified in the
mEcgue genoime assembly, reinforcing the opinion

with the use of the duplicated BAC clones CH250-188G18 (red) and CH250-67B18 (green), containing

alphoid sequences. The arrows indicate MMUA4,
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Fig. 4. (A) BAC clone contig map of the MMU4 region corresponding to the HSA& DNA segment from bp
144,712,821 (rght) to 146,765,547 (left) (UCSC March 2006 release). Human and macaque ST5s (table 54) were
used to screen high-density filters of the macaque BAC library CH250. Positively hybridizing BACs were then used in
FISH experiments on macaque and human metaphases, and a contig tiling path of the BACs (blue segments) was
defined. The analysis discovered single and duplicated regions around the MMU4 pericentromeric region. The
marker positions of the 5T5s in the human sequence are reported in the top line. STSs in red are localized in the
MMU4 single-copy region; blue 5T5s markers are within the region that is duplicated around the MMU4 centromere.
This duplicated region i illustrated in detail in (B). Vertical red lines represent macaque STSs derived from BAC-end
sequences. The yellow vertical region represents a gap that is probably composed of sequences refractory to cloning.
(B) Details of the BAC contig assembly of the duplicated pericentromeric region of MMLUM. FISH analysis of the
macaque BAC clones indicated that duplicated blocks were present on both sides of the centromere. To further
charaderize these duplicated pericentromeric regions, we sequenced and aligned appropriate STS-amplified
products from different clones with the MegAlign software (31). The sequence analysis allowed for the classification
of the duplicated STSs and the corresponding BAGS into seven separate blocks: three on the g arm (Dq1-3) and four
on the p arm (Dpl-4) {table 57). The top blue line shows the mapping of the 5TS markers in human. The first
nonduplicated 5T5, on both sides, is shown in red, The MMU line depicts all of the 5T that were used in the study,
amanged according to their inferred position in macaque. Macaque STSs denved from BAC-end sequences are
shown in brown. Dg1, Dg2, and Dg3 and Dpl, Dp2, Dp3, and Dp4 indicte the duplicated subsets on the g-am side
(Darblock) and on the p-arm side (Dp-block) of the centromere, respectively. Some ST5s are apparently missing in
some blocks, Their positions are indicated by brown amowheads above the macaque 5T5 line. The number of missing
5TSs is also indicated. Sequenced BAC ends are represented by small rectangles at the borders of the BACs. White
and red diagonally striped rectangles stand for monomeric alpha satellite sequences; unfilled red rectangles stand
for repetitive nonsatellite elements; and blue rectangles stand for single-copy sequences. The absence of a rectangle
indicates that the end sequencing failed twice, Sequenced PCR products of specific STS primers are represented by
colored circles. These sequences were used for the classification of duplicated blocks. The colored circles indicate 5T5s
whaose PCR products have been sequenced, Grcles related to the same STS are in the same color only if their
sequences are perfectly matched, A full description of the BAC contig assembly is reported in the SOM text,
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that an integraed, mubidisciplinary approach is
needed for high-quality genome assembly and for
companiive genomics (30),

The present data extend the link  between
scgmental-duplication bias and contromerss o
additional primate species. The homology and shul-
Ming of sequences creates substrates for evolutionary
moovation (the bih of new penes) and instability
(via non-allelic homologous necombination). Lasty,
the contig assembly we have constructed represents
a lmmework for the complete sequencing of the
pericentromenc region of MM UG ENC through a
dircet sequencing of BAC wempkites, as opposed 1o
whole-genome shotzun sequencing,
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The Macaque Genom

THE RHESUS MACAQUE (Macaca mulatta) facilitates an
extraordinary range of biomedical and basic research, and the
publication of the genome only makes it a more powerful model
for studies of human disease. Despite distinct differences, the
macaque genome mirrors our own in complexity and is 93%
similar to humans. Because of the macaque’s position relative t
humans and chimpanzees, we now have a unique opportunity to
learn about the diverse evolutionary processes that we have
undergone since our primate ancestors diverged 25 million
years ago (Ma). Additional material is available online

at www.sciencemag.org/sciext/macaqueposter/.
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A Symmetric Bipolar Nebula

Around MWC 922

P. G. Tuthill** and J. P. Lloyd®

he Be starr MW 922 has previously been

noted for its speciral features: unusually

strong lorbidden [Fe 11] in emission (f)
and more recently the dust minemlogy and
chemistry of s nch mirared spectrum (). The
distance o this object s unknown (1t may le
witlun the Ser OB association at 1.7 kpe), as 1s
its evolutionary status (both pre- and postmain
sequence have been suggested).

Here, we repont high angular resolution
abservations i the infrared H band made with
the adaptve optics system on the 2007 Palomar
telescope |detailed further in (3)). An image
showing the extended Red Square nebula sur-
rounding MWC 922 s given in Fig. 1, waaher
with a highpass liliered image that reveals
underlving structural clemoents and a model
describing the key features, The box-shaped X
structure necks down into win opposing
hyperbolic bicones separated by 0734 @ the
center, where they are crossed by an equatorial
dark band running norheast o southwest Along
the principle axis of symmetry (PA = 46°), a
remarkable series of onhogonal lincar rungs ap-
pear at 1777 and 37.1 are see (nonthwest bicone)
and at -1"44 and 372 are see (southeast
bicone). Where the rungs meet the bicone sur-
faces, we lind broght vortices that subtend an
apening angle of 105% at the ongin.

In addition. we have established the presence
of a series of radial linear leatures resembling a
comb and appearing to lie along both bicone
surfaces between the second bright rung and the
outer edge ol the nebula. One possibility is that
the comb may be the ouicome of a projecied
illumination effect as light from the central
regions is blocked by some periodic structure
en route o the outer biconcs, An example could
be shadows cast by “npples”™ on the rim of a cir-
cumsiellar disk, such as those believed o result
[rom gravitatonal or other excitation of standing-
wave modes (), although high azimuthal orders
(f — 30 are requined

Among the most notable propenics of this
nebula is the extent o which structures are
reflection-symmetric aboul the principle axis.
This symmetry and linearity ol the rungs implies
that the viewing angle onto this system axis is
very close 1o 907 [t seems likely that this ap-
pearance depends on this critical alignment,
whereas the regularity of form argues against a
premain sequence dentity. A weaker (although
still notable) symmetry exists across the equator
between structures i the nonthwest and south-

www.sciencemag.org

cast bicones, with pethaps the largest depanure
being the axial displaceman of the nnermos
rung, which appears 200 further out in the
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Fig. 1. MWC 922 from Palomar H-band adaptive
optics imaging: (A) image at a logarithmic color
stretch, (B} image data after Laplacian filtering to
accentuate structure [such as edges; see (3) for
details], and {C) model skeleton structural elements
fitted to the Laplacian filtered image. This model
also depicts spurious linear features from imperfect
mosaicing and charge persistence (blue) and bright
neighbaring stars (green), whereas real Red Square
nebula structures are plotted in red. The system’s
principal symmetry axis is given as a dot-dashed
line, together with a compass rose and annotations
labeling key features in black. DEC, declination;
RA, right ascension.
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northwest than the southeast bicone. This high
degree of comespondence between structures in
the two bicones argues for common creation n
episocdic cruptions withm the contral star system.
This result also has implications For other bipolar
systems, such as the Red Rectangle, where di-
rect correspondence between pairs of mungs in
the two bicones could not be established (),
arguing against models with one-sided  mass
cjections,

Adopting the (speculative) distance of 1.7 kpe.,
the lincar size of the Red Square is twice as
large as the Red Rectangle at the same dynamic
rmnge in surface brightness. I we further spec-
ulate that outflow velocities are not dissimilar
[=7 kmis (5)]. then the dynamical ages ol the
two major rung systems are =3000 and 6000
vears, However, given the signilicantly hotter
spectrum of MW 9225 central star [B3-B6
i6)] as compared with the Red Recltangle

[peculiar A supergiant m a 319-day bmary
(.5)]. basic parameters such as wind speeds may
differ substantially. The finding of a cousin to
the Red Rectangle, but with differing spectrum
and a hotter central star, implics that the
conditions of formation for these clegam
hipolar ladders may not be so singular and
unique as formerly thought,

The clearly demarked namrow rungs reponed
here places MW 922 in rare company with only
two other known systems [Sher 25 and
HD168625 (7)) that support ringed bipolar
nebulae, structures which make them viable
progenitors for polar nng systems like that scen
in SNI98TA. As the only one of the three 1o
exhibit muluple mngs and a wealth of other
forms, MWC 922 should make an excellent
laboratory for the study of the creation of such
slructunes,
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Quantum Structure of the
Intermolecular Proton Bond

1. R. Roscioli, L. R, McCunn, M. A. Johnson*

A proton shared between two closed-shell molecules, [A-H*-B], constitutes a ubiquitous soft binding
motif in biological processes. The vibrational transitions associated with the shared proton, which
provide a direct probe of this interaction, have been extensively studied in the condensed phase but
have yielded only limited detailed information because of their diffuse character. We exploited
recent advances in gas-phase ion spectroscopy to identify sharp spectral features that can be assigned
to both the shared proton and the two tethered molecules in a survey of 18 cold, isolated [A-H"-B]
ions. These data yield a picture of the intermolecular proton bond at a microscopic scale, facilitating
analysis of its properties within the context of a floppy polyatomic molecule.

gencral property of Lewis bases is ther
Auhilit}. to elficiently trap excess protons

on their exposed electron lone pairs 1o
form covalent hydrides. When two such mole-
cules (A and B) compete lor the same proton,
the resulting binary complex, [A-H™-B], becomes
tightly bound in a cationic analog of the Tamiliar
H bond, providing a “poin-contact”™ coupling
between lone pairs on electronegative atons (such
as N oand ) embodded in larger molecular
scallolds. Practically, these mtermediate-strength
couplings play an important role n biologieal and
phyvsical processes requinng proton mnsport in
hydmophobic media (such as transmembranc
proton pumps) (7). From the physical point of
view, the moul mvolves trapping a subatomie
particle in a soli, three-dimensional potential well,
the shape of which is determined by the chemical
propertics of the fanking atoms. Not surprisingly,
theoretical reatment of this ineraction is compli-
cated because the low mass of the proton resulis in
it undergoing large-amplilude motion (& large as
(0.3 A in the complexes we studied), even in its
vibrational zero-point level (5-9),

These binary svstems are of particular inter-
cst because they are so stable that the sym-
metrical complexes, such as [A-H™A] can be
prepared  in macroscopic quantitics by careful
stoichiometric control of salt solutions (0, /).
Over the past decade, this situation has been
cxploited 10 survey the speciral signaturcs asso-
cited with the shared proton in room-temperature
condensed phase samples, for which the bands
atinbuted to the shared proton generlly appear
as diffuse absorptions in the [0 cm ! range
(14, 1. One notable finding in the recent con-
densad phase studies involves a curious disap-
pearance of the vibaational wansitons nominally
associated with the Manking organic groups in
symmetrical [A-H A complexes ([0, [/}

Sterling Chemistry Laboratory, Yale University, Post Dffice
Box 208107, New Haven, CT 06520, USA.

*To whom correspondence should be addressed. E-mail:
mark. johnsong@yale.edu
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Ranonalizatons of this behavior nclude broad-
ening of the A molecule’s transitions into a

continuum background, possibly as a result of

their modulation by the stochastic motion of the
bridging proton. Unforunately, the large breadihs
ol the spectral envelopes recoverad in solution,
which are chamcierized by Gaussian contribu-
tions with widths of 200 10 400 em ', encompass
neardy the entire range of the expected intra-
molecular fe.g., C-0 and P-0 siretch) transitions.
Thus, it has been difficult or impossible o
quantily exactly how these intramolecular bands
evolve upon complexation or 1o cslablish the
intrinsic pattern of homogeneous bands present
when Nuetuatons are frocen out at 0 K.
Because such unresolved spectra mask the
inherem molecular cigenstates at play, there has
been a parallel effort by gas-phase ion speciro-
scopists 0 study these complexes under iso-
lated conditions. A major advantage of studying
these systems in isolation is that the resulting
discrete spectra should be amenable o analvsis
with the full arsenal of wols developed through
decades of work on the electronic structure and
vibrational dynamics of polvatomic molecules.
There have been recent reports on spectra of the
isolated gis-phase complexes [e.g., (MeOjaH",
where Me = CHy), obtained using infrared mul-
tiphoton dissociation (IRMPD) (/12— 14). The re-

suling spectra consisted of a diffuse sysiem of

bands with comparable intensity throughowt the
low=-cnergy region of 700 1w 1300 cm™, not un-
like those observed in the condensed phase (/1)
The similarity of these broad structures for sev-
cral pas-phse complexes led Moore o af. w0
suggest that this extended suite of bands wgether
comprised the signature of the O-H-0 bridge.
Becwse both the solution and IRMPD studies
were camied oul sl oom temperature, however, it
15 mot clear 1o what extent this broademing resulis
from thermal exenation as opposed o the intrinsic
[ AHT-B] spectml character,

Revealing inherent linewidth through
argon nanomatrices. The goal of our study
was 10 overcome the complications introduced

b the inherent nonlinearity i IRMPD and the
themmal elfects present at elevated temperatures
by acquinng spectra of the vibrtionally cold, gas-
phase [A-H™-B] complexes with the use of mane-
&S nanomatriy spectroscopy (1.5), We focused on
the proton-bound complexes involving methanol
(MO, ethanol (EtOH, where Et = CHaCH;).
and cthers (MexO and E10), in addition w the
small molecules HyO, NHy, COy, and the mare
gases (RG) Ar and Xe. To aid in the assignment
of the resulting band pattems, we also obtained
the spectra of the protonated monomers (e.g.
Me,OH™) which, when combined with the
known spectra of the neutral species (e.g.,
Meo0), allowed us 1o learm how the constiluem
moleaules in the [A-H-B| complex fex and
evolve as the proton becomes prelerentially
attachad w the stronger hase,

Vibmtional spectrn of [A'H™BlAr com-
plexes were acquined over the mnge of 600
4000 em " in a linear action mode with the use
of the Yale double-focusing, tandem time-of-
flight photofragmentation spectrometer (46). In
sl cases, this instrument synthesiess the proton-
bound binary complexes in an jonized super-
sonic free-jet expansion that comtains trace
water vapor seeded in Ar. Typically, this first
generates Ha0'-Ar, cluster ions, which are then
imerfaced with onganic reagents that are on-
trained into the expansion on the low-pressure
side through two independently controlled pulsed
valves. The likely sequence of events

HaO A, + A = HyO AcAL, + (n - m) Ar
(1
HaOAcAr, + B —
[AHBIAr+ HO 4 (m— 1} Ar - (2)

creates the [A-HBl-Ar wrget ons. Some cases,
such as MeOH-H " -CO3, required variation of this
scheme in which MeOH was entrained into the
Ar jet o form the MeOH-H™Ar, clusiers before
the introduction of CO,, Formation of these rare-
gas complexes is crucial, because they are sul-

ficiently weakly bound to enable detection of

their low=cnenzy vibrational spectra by very sensi-
Hve “messenger atom” action spectroscopy (7)

[AHBlAr+ v = [AHT-B] + Ar (3)
Because this process is camied out in a one-photon
regime, it circumvents the complications inherent
in the IRMPD approach, for which a5 many as 16
photons are required 1o dissociate these very
strongly bound complexes (binding energy Dy ~
13T eV oin HsO5' ) (48 In addition, the weakly
bound Ar serves o limit the memal energy
content so that the resulting spoctra largely refleat
the propentics of the vibmtional zero-point kevel,
Sclective detection of the lighter [ A-H-B] photo-

fragment ions (Eq. 3) after initial solation of

the heavier [A-H-B|-Ar complex yiclds a
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back ground-free scheme to monitor the absorp-
tion of infrared photons down 1o 600 cm Y,
Spectra are displayed as the net fragmentation
signal normalized 1o the laser cutput energy per
shot at cach excitation wavelength,

Probing the asymmetric stretching vibra-
tional transition (vg). At the simplest level, we
expectad three vibrational  fundamentals of the
shared proton, reflecting its three-dimensional
conlinement; the asvmmetric streich parallel 1o the
heavy atom axis [vig )] and two irmsitions arising
from vibrations roughly perpendicular o this axis
[veplL}]. Even at the hammonic level, however,
shared-proton displacements participate in many of
the caleulated nonmal modes deserbing the collee-
tve fundamental motions m the complexes, The
nfrared mtensity of the mode contaiming mostly v,
() character s caleulated to dominate those ansing
from more pempendicular motions. The vg(| Hbased
trnsitions should therefore provide the clearest
probe of the mermolecular proton bond. They are
expected 1o be both mtense and quite responsive 1o
the details of the bond, spanning a range rom GO0
to 3500 am ', depending on the identity of the two
molecules competing for the proton.

Figure | presents a representative survey of
the [A-H™-BJ-Ar vibrational spectra in a scries
of complexes that explores differences in the
O-H"-0 motif, as well as siations in which the
proton is trapped between dissimilar atoms (such
as O-H'-N and O-H"-RG). In most cases, the
bands associated with v |) (red) could be iden-
tified by a process of climination based on the
unambiguous identilication of ransitions arising
from the Nanking structures. The plausibility of
these assignments was then checked against ab
initio calculations of the harmonic spectr, which
typically vielded one v()) band within several
hundred wavenumbers of the identified struc-
tures, The failure of such caleulations 1o recover
these bands more accuraiely provides clear
evidence that these motions are indecd quite
anhamonic. sotopic substition was also used
in two cases, (MeaOjH /(Mey()aD" and
MesO-H - HAOMesO- D7 D60, which conflinmed
the mssignments derved from the scheme outlined
above, Because of the special properties asso-
cinted with the symmetrical system, we will re-
tum to the isotope-dependence of the (MesO):H”
spectrum alier discussion of the overall rends,

One qualitative aspect common o all of the
spectra obtained for the cold, isolaed [Ad1B]
sysiems investigated here is that these one-photon
Ar predissociation spectra are much simpler than
those previously reponed for these systems with
the use of IRMPD (/2-14) or obtained from
condensed phase samples. A specilic example is
shown in Fig, 1F. The previously reponed con-
densed phase spectrum (gray ) and its convoluted
Ciawssian fits iblue) (/1) are included for compar-
ison, The much simpler Ar predissociation
spectrum not only allows the identification of
the features that are due 1w the vibrmtional zero-
point level, but also establishes that the intnnsic
vepl ) oscillator strengeth is not strongly diluted by

13 APRIL 2007 VOL 316 SCIENCE

extensive mixing with the background levels or
by dynamical couplings (/).

Relationship between vy and proton
affinity. The orgin of such large variations in
vep displayed by the analogous neutral complexes
ez, MexO-HCT) has been subjected 1o intensive
analysis over the years. Pimentel and co-workers
(21, for example, correlated the vibrational
frequency trends with differences in the proton
affinitics (APA) between the two bases, and
Barnes (21 later extended this study 1o a mydad
ol neutral combinations. Zundel (22) and others

23y considered the infrared spectra of a number
of systems in salt crystals, and found that
although v was correlated with the magniwde
of APA (or the analogous ApK,, where K is the
acid dissociation constant), the v, bands were
also shown 1o depend on the distance between
the atoms connected by the shared proton, which
is in wm strongly aflected by the overall crvstal

structure, This dependence on crystal structure
obscured the correlation between vig, and APA.
The cnuical role of APA m mtempreting band
positions was not apphiad o proton-bound cat-
ionic complexes until 1996, when Bicske and
co-workers obscrved a linear scaling over a
small range (300 em™') in several weakly
bound X-H"-RG clusters ( 24). Very recently, gas-
phase spectra of two asymmelric systems
[Me;O-HTHE, where THF s twetrahydrofuran,
and acetoneH™THF] (4) in the low-APA range
(<25 Kl/moly have been oblained using room-
temperature IRMPD, in which assignments of
sl ) tmmsitions among the overlapping bands
{hased on ab mitio predictions) suggested a linear
dependence on APA. By climinating the compli-
cating nfluences of extemal forces and imtemal
exeitation at elevated temperatures, our lechnigque
offers a clear picture of the intrinsic molecular
physics at play in the intermolecular proton bond.

CH-CH
e hﬂ—H'—xa A

CHEHY

Ar Predissociation Yield

Increasing APA

il I'_.-_h.L .\. —

CH,CH,

—H=0
CHyCHy "CHyCHy F

CHyCHa,
o

1000 1500

2000

2500

3000 3500

Wavenumber (cm-)

Fig. 1. Vibrational predissociation spectra of the [A- H*- B+ Ar complexes for the following combinations:
(A) Et;0-H*-Xe, (B} MeOH-H*-CO;, (C) NH3-H*-H,0, (D} Me,0-H*-H,0, (E) Me,O-H*-MeOH, and (F)
Et,0-H*-Et,0. The traces are presented in order of decreasing APA (25) of the [A-H"-B] complexes.
Regions associated with vibrations more localized on the flanking molecules are indicated by v/ labels, where
i is the molecular moiety and j describes the characteristic motions involved in the vibrational mode. Bands
indicated by the asterisk in (C) are due to an (H;0);" impurity. The gray spectrum overlaying the trace in (F)
corresponds to the solution phase spectrum, and the blue dashed lines indicate the Gaussian fits (11) used to
extract the veg-based transition energies reported for this complex. [Reprinted in part with permission from
(11). Copyright 2006, American Chemical Society.] The vertical dashed gray lines in (C), (D), and (E) track

features that persist over several complexes.
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Figure 2 presents the APA dependence of the
centroid frequencies of the vl Fbased bands
extrmcted from the spectra m Fig. 1, as well as
those from 12 other systems that we studied,
The relevamt band positions are collected in
Table 1 along with the APA values for ¢ach pair
of constiuent molecules (25). The comelation
between the absolute vl ) mhmml and _";F'"u is
thus revealed over a range of 2700 ¢m ™', with
all of the systems conforming closely 1o a uni-
versal trend, even though dilferent somic pan-
ners are involved in this data set.

I is wselul 1o consider the qualitative origin of

the large observed spectml shifts inthe context ol a
simplified, one-dimensional potential for shared-
proton motion, during wlich the heavy aloms are
fixed and 2 proton s scanned between them. The
resulting caleulated curves for three representative
systems are included in Fig.
APA (Fig, 20), the relative enegics of the two
possible proton transfer situations. AHT-B and
AH'B. are very different. This disparity localizcs
the proton to one side of the complex, elleeting a
high vl() frequency (=3000 em 1) As the
relative energics become similar (Fig. 2. A and
B), the proton transter potential widens nurkedly
and shifis vl ) to lower energies (/19),

In symmetrical systems with strong bases like
ammonia, the wapping potential is caleulated w
develop a barrier at the midpoint, resulting in a
double minimum shape ( 26). Earlier work on the
NHyH™-NHy system (26) in the free NH
stretching region cstablished that the two NH,
groups are cquivalent. This indicates that the
vibrational zero-point lies abowve the barmer, thus

2. At large values of

enabling the proton 1o be equally shared between
the two N atoms. An analogous situation was
also encountered 1n the highly bmie anonic
complex OH-H™-OH, which displayed an
isolated vl ) transition at 670 em ! (5), lower
in energy than any of the bands recovered inthe
cationic systems that we studied. Unforunately,
our initial survey of the NHy-H™ '\'Il; spectium in
the low-cnerzy range suggests that its vl ) falls
below 600 ¢m ', the lower limit of the apparatus.

Because the strongly basic systems develop a
barrier in the shared-proton potential, we do not
anticipate that there is an intrinsic asymplotic
value for ve(/) at APA = 0. Rather, in the limit
that the first two vibrational levels fall below the
barrier, the vl ) transition energy evolves inio a
tunneling splitting, These considemtions suggest
that the comelation displayed in Fig. 2 reflects a
more limited mnge of behavior whene the shaned-
proton potential is Matlened (Fig, 2B) but does
not develop a substantial barmer. Characterzeation
of the vl /) band structure in high barrier sys-
tems thus presents a challenge for future work in
this arca.

Impact of complexation on flanking group
vibrations. In the process of identilying discrete
trnsitions associated with vl ), we have also
obtained sharp band patiemns derived lrom the
skeletal motions of Manking organic groups. These
data provide an opportunity to understand how the
pendant molecules are affected by the inter-
molecular proton bomd. Our calculations suggest
that, although the normal modes of vibration are
collective motions of the entine complex, it is olien
the ease that they are largely intramolecular

RESEARCH ARTICLES

motions associated with one ol the components.
We highlight the case of the MeO-HMeOH
complex in Fig. 3. Figure 3G presents the
observed spectrum in the fingempant region; the
left and nght panels below it penain to the trn-
sitions expected for the constituem molecules.,
Intuitively, one anticipates that the spectral signa-
ture ssociated with the skeletal motions of cach
monomer subunit should fall between the limiting
paltems comesponding to the neutral (e, Mo
or McOH)y and protonated (e, MeOHT or
MeOH;™) species. Although the specim of the
newiral molecules are well known (27), this
imnformation was not available for the protonaed
amalogs: we therefore obtamed the spoctra of the
protonated analogs using Ar predissociation,

The races n Fiz. 3, A and B, presemt the 1R
spectra of the independent newtral components
[MeaO (Fig. 3A) and McOH (Fig. 3B)], with the
corresponding spectma of their protonated analogs
displayed in the muddle races [Me,OHT (Fig.
3C) and MceOH," (Fig. 3D)). These spectra can
be conlidently assigned with the aid of ab initio
calculations at the scaled harmonic level, because
they are covalently bound systems that do not
display large amplitude motion or unusual
anharmmonicity. In both neutral molecules (Fig.
3, A and B), the bands lowest in encrgy arise
from the C-0 stretching vibetions, and they are
cach shified to lower encrey (red-shitied) bw
about 200 em™! upon protonation. The caleu-
lations predict that two of the low-cnerey hands
in the MeO-H™-MeOH complex are due 1o the
C-0 stretches on the MesO group, which
undergo about hall the red-shilt displayved by
the analogous modes in the protonated ether.
Sunilardy, the band between these two can be

— —— —
3500 ] e -0 | assigned o the C-0 siretch primanly localized on
o "p', -— 'ﬂ &l -
4 -5 MG ; _ :
3000 ] g .- "O-H-Ar ] Table 1. Observed :enuglds {em™) of shared-
i - . proton asymmetric stretching bands, vg,(l), and
] # y relative (gas-phase) proton affinity (APA} values for
] F’ i [A«H*.B] complexes (25),
. 2500 , HE M n
b i 4, ‘O-H-O 1 volll} APA
E " 4 e - Complex (em™) (k)/mol)
= 2000 - P ] £t,0+ H"+ OFt, 843 0
B 1 ° ] Me, 0« H* « OMe, 952 0
] 6 B ] EtOH«H*+ HOEt 840 0
] "Fbuu o"“: ] MeOH-H* - HOMe 887 0
. Hs0+H"+0H; 1002 0
: Mes0 «H™ » HOMe 1595 38
E - Et20«H" - HOEL 1638 52
1000 - g . MeOH - H* » OH; 1828 63
4 - EtOH-H"«0OH» 1964 85
Y T v T —r Mez 0« H* « OH; 2094 101
f.'I' 100 200 300 400 500 Et:0-H*: OHz 2310 137
APA (kJ/mol) H30+H" - NH; 2649 162
Fig. 2. Dependence of the v (ll)-derived band locations on the difference in proton affinities C:;J{;IT Htl?:;n :g;: g;:
(APA) for all systems reported in Table 1 (25). (A to €} Calculated potential curves (MP2/aug-cc- EL.O-H* - Xe 3294 329
pVDZ) generated by scanning the shared proton between the heavy atoms while fixing the M::}H-H‘- Ar 3330 185
exomolecular structures at the equilibrium geometry of the complex (28). Energy levels were Me0-H* - A 3403 423
derived by solving the one-dimensional Schrodinger equation for the first two wvibrational i
eigenstates. The potential curves are color-coded to match colored points on the graph. ELO-H" - 2431 459
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MeOH, which likewise absorbs at a frequency
intenmediate between the bands in the neutral and
protonated specics

In the MeaO system, the CHj rocking band at
1200 cm ! is completely suppressed upon pro-
tonation (compare Fig, 3, A and C), but it is
recovered in the spectrum of the bndging com-
plex. This behavior is reminiscent of the band
disappearance alluded 1o cardier in the symmet-
rical complexes (10, 1), In the case of the CHy
rocks, however, their suppression is cleary a
consequence of the inherem reduction in the
transition moments associated with the nommal
mode fundamentals rather than heterogencous
broadening due to spectrl diffusion or some
other dynamical process,

A persistent featre at 1450 em ' associated
with the CHa bending motion appears in all of the
spectra and scems o be largely decoupled rom
the bonding environment at the oxygen cenler,
These CH; bends ane suppressed upon com-
plexation, but nevertheless remain sharp and
distinet features. The shared-proton transition in
MeO-H-MeOH lies higher in energy at -1 600
em |, about 500 cm ! below the predicted value
at the hamonic level. This large anharmonicity
undoubledly results from the distorted “shelf-
like™ potemtial goveming the shared proton in this
asymmetric complex (Fig. 2B). Consequently,
the vl ) ransition can be much more accu-
rately recovered by numerically integrating the

Fig. 3. Decomposition of
the Me,0-H*-MeOH in-
frared spectrum into the
dominant contributions
from each of the constitu-
ent molecules with the aid
of the independent spec-
tra of (A} Me, 0, (B) MeOH,
(€} MezOH", and (D)
MeOH,". Neutral spectra
are displayed as Gaussians
about the vibrational ori-
gins with heights corre-
sponding to the observed

Schridinger equation for a one-dimensional
potential slice along the proton trnsfer coorndi-
nate. This band is the broadest in the spectrum,
appeanng just above the bending fundamental
associated with the dangling OH on the MeOH
moicty,

Analysis of symmetrical complexes. We
wrmed next o the homogeneous (symmetrcal)
complexes, for which there is a considerable data
set available from previous studies camied out on
solution-phase as well as arystalline samples (23)
On the basis of extensive work recently [ocused on
the prototypical HsOy ™ svstem, the sharad-proton
motion is offen associated with a strong doublet
near 1000 em ™ and a second band in the 1600 10
1800 cm ' range, whose intensity is much more
dependent on composition of the solution m the
condensed phase (1), as well as on the wentity of
the rare-gas alom in the gas-phase studics (6), The
simple doublet nature of the 1000-cm™ band has
proven very difficult o recover in high-level
theoretical treatments of this systam (c.g., many-
dimensional vibrational coupling on a full potential
surfce) (7). In spite of the subtlety associated with
this fine structure, a doublel character has been
extracted from [its of the asvimmetric, broad bands
displayed by the symmetrical complexes in the
condensad phase (1), The assignment of the band
at higher energy (~1%00 am ') is uncenain, and
miay well be different in the condensed phase given
that the structures of the complexes are thought o

change from a staggered orientation of the flanking
groups in isolation to pseudo-planar in the presence
of an amon support (). This structural change
also mises the specter that the lower energy
envelopes recovered in solution similarly may not
reflect the intrinsic nature of the intermolecular
proton bone. These uncentainties warmant a closer
look at one of the isolated symmetrical systems,
Figure 4 shows the resulis of the isotopic
substitution study of the Me;O-H™-MeyO sys-
tem, in which we independently recorded the
spectra of the MeaO-H™Me O (Fig, 4B) and
MeO-D Mex0 (Fig. 40) complexes. Most
imponant, the three strong bands in the H
isotopologue centered around 900 em™ are
quenched upon HVD substitution, and a closely
spaced doublet emerges at =700 em ™', Arrows in
Fig. 4B idicate the locanons of the C-0
stretching levels in Me;,OH', which suggest that,
a5 in the ssymmetric complexes (Fig. 3), the
bands near 900 cm ' involve this motion. What
i5 surprising, therefore, is that these bands
disappear when the shared H is replaced by D,
indicating that the shared-proton motion is
somehow primarily responsible for all three of
the strong trnsitions in the H species. This
behavior is paticularly notable in the context of
the observations in the condensed phase that
bands associated with the onganic groups dis-
appear upon complexation in the proton-
bound dimers (/0. 11). Morcover, similar

Wavenumber (cm™)
500 1000 1200 1400 1600 1500

relative intensities of the
reported room-temperature

spectra (27). (E and F) The M HH
ether-based (teal} and H. } A
alcohol-based (blue) con- - e T
tributions to the overall ' P—=H=0
spectrum of the complex M i H-C H |l M
(G). The locations of the E olaa _L_ h ~ Yo |i|‘H Jl @ |l A,. % E
backbone transitions in (E) —) H, H‘H 1
and (F) are intermediate =t C—H
between their analogous |_ o—H" H—Dr
positions in the protonated c A }A h_cf \ |I L A D
[0 and (D] and neutral NI AR H T L L TRT S J il
[(A) and (B)] species, show- ' ) — [
ing the delocalized char- | H, H I-I.lH
acter of the shared proton, A H"-C\ C—H B
even in the asymmetric O d"
complex. t e d H
800 1000 1200 1400 1600 1800 iH 800 1000 1200 1400 1600 1800

Wavenumber (cm ")
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behavior 1s well established in the neutral acid
dimers |such as (RCOsH )|

To explam the cunous suppression of the
intrmmolecular transitions i the symmetrical
systems, Stovanoy has invoked a spectral diffu-
sion mechanism in the condensed media,
wherchy the large amplitude motion of the shared

proton elfectively modulates the tmnsitions of

Manking groups such that they broaden and
disappear in the background (/0. /7). The clear
example of similar band suppression in the
isolated MeO-H-MesO system upon deutera-
tion, however, allows us to gain a deeper
understanding of its origin, In panicular, because
the isolated system is accessible with ab nitio
caleulations that can be dircetly compared with
expenment, we can explore whether the curious
intensity behavior is a low-order phenomenon or
whether it requires high-level, full-dimensional
quantum treatment (such as the siluation
encountercd in He(: ) 1o reveal the qualitative
motions underlying the observed doublet pattem.

Moore ¢f wl. (13) previously reported ab initio
(ce-pWDZ basis at MP2 level) harmonic spectra
for the (MeO0kLEHT complex in the context of the
IRMPD spectra. To determine the expected
isotope-dependence of the IR fundamentals and
extract the nommal mode displacement vectors, we
amied out calculations at the B3LYPG-311+4G

(ebpd level (28), which vielded a similar pattem of

bands with comparable intensities. Fig, 4, A and
D, presents the harmonic spectra for the two
istopologucs, which recover the chamcter of the
overall band pattems surpeisingly well given the
crude level of treatment. The displacement vectors

{insets) associated with the strongest two bands in
the H isotopologue involve substantial C-0 stretch-
mg motons. As such, we can regard these
vibrations as being denved from mixed combirg-
tions of the shared proton with the out-oFphase
collective motion of the two symmetne -0
stretches. There are actually three such parallel
tramsitions whose intensitics originate, in this aoro-
order picture, from the two symmetric C-0
stretches (one on cach monomer) and v/, with
the third (the in-phase symmetde C-0 stretch)
accounting for very lide oscillator strength. This
assignment is consistent with the carlier
conclusions of Moore er all, in their ab imtio stucdy
of this svsiem (1.3),

Tunming 1o the heavy sotope, we anticipated
that this C-Olg( ) mixing scheme would de-
couple as the vl ) value dropped out of range in
the D isotopologue, implving that the usual two
C-0 stretching bands should emerge at higher
energy relative to the vl Fbased transition. Such
levels are caleulated 1o occur in the W0-cm ™
region, but the oscillator strengths for their IR fun-
damentals are predicted to be much smaller than
the intrinsic strength of the vl ) trmnsition (< 1%5),
making them difficult to observe, given the noise in
the experimental spectrum. These observations
this point 10 an aliemative explanation for band
suppression et dows not require spectral difusion,
but rather emphasiaes the extreme dispanty in the
absorption  cross-sections for the intramolecular
vibrations relative 1o that of vigi!). In this context,

the miore curious casce is the multiplet structure of

vl ) m the hight sotopologue. We suggest that,
rather than being suppressed, tis structure reflects

Fig. 4. lsotope substitution study of
the symmetrical MesO-H*-Me,0
complesxc (A} caloulated spectrum and
(B) Ar-tagged vibrational predissocia-
tion spectrum of Me, 0+ H* - Me;0; (C)
predissociation spectrum and (D) cal-
culated spectrum of Me;0-D*-Me;0.

, Erehoh
Yen

Calculations are camried out at the
B3LYP/6-311++Gld,p) level with the
CH stretches scaled by 0.967, the fac-
tor required to match the observed
values for the neutral molecules
(28). Bands predominantly assigned
to vt} activity are indicated in red.

Included in insets are the normal
mode displacements for the high-
lighted transitions of interest, show-
ing that although the shared proton
is coupled to the CO stretches in bath
cases, the resulting band patterns of
the isotopologues are notably differ-
ent. The CO stretches of the proton-
ated Me,0 species are indicated by
black arrows. The gray trace in (B) is
the previously reported IRMPD
spectrum of bare Me;0-H"-Me,0
(13). The peaks labeled with asterisks

in (C) are due to the overlapping **C

isotopologue of the H-labeled species. 500
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a marked intensity enhancement of the C-0
stretching motions through their interaction with
Vel | ) when the two modes are nearly degenerate.
In this model, the multiplet results from interaction
with the flanking groups, rather than reflecting the
intrinsic signature of vl ). These cursory obser-
vations i the harmonic level cleardy highlight the
nced for further theoretical mvestigation of the
band suppression elloct in order 1o wet the ex-
pected large anhannonicitics at play in these rel-
atively Moppy systems,

Notably, not all of the bands on the flanking
molecules are suppressad, as indicated by the
weaker C-Hostretching transitions at the high-
enengy end of the spectra (Fig. 4), These envelopes
are very well recovened by the caleulamed hammon-
ic spectra (Fig, 4, A and DY), and they oceur with
mntensitics that are both consistent with theoretical
expectations and similar to those of the bands in
profonated dimethy] ether (Me,OHT)L

Both of the proton-bound ethers studied here
[(Ra05LH", where R = Me, Et] are dominated by
sharp multiplets in the low-energy range, and our
analysis suppons the conclusion that this struc-
ture arises from mixing between vl ) and the
C-0 stretehes (/3% One way 0 lurther explore
this behavior within the context of symmetrical
systems is through substitution of one of the alkyl
groups on each oxveen atom with an H atom, a
modification readily accommodated by synthe-
sizing the proton-bound alcohols, (MeOHH
and (E1OH I, Figure 5 compares the linger-

stratch A
Veo

l

Me, H

om A5y
oo

icm B

Ar Predissociation Yiekd

BOD

1000 1200 1400

Wavenumber {em*1)

1600 1800

Fig. 5. Comparison of the vibrational pre-
dissociation spectra of the homogeneous dimers:
(A} Me;0-H" - Me,0-Ar (gray, dashed) and MeOH-
H*- MeOH- Ar (red, solid), and (B} Et;0-H' -Etz0- Ar
lgray, dashed) and EtOH-H*<EtOH-Ar (red, solid).
Arrows indicate the C-0 stretching fundamentals
corresponding to the neutral constituent molecules
where v indicates the CO stretch in methanol
(30), whereas vy and vy denote the symmetric
and asymmetric CCO stretching motions of ethanol,
respectively (31).
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print region spectra of the alcohols [methanol
{Fig. 5A) and cthanol (Fig. 5B)| with their re-
spective ethers, The lowest enerzy band obtamed
here for (MeOH)H is in close agreement with
that recovered previously by Fridgen ef all in an
IRMPD study of the bare complex, whereas tha
ol the Artageged (EtOHRH™ spectrum s clearly
sharper and higher in energy than that observed
through IRMPD (29), At the qualitative level, the
main difference found upon tagging is a marked
reduction in the diffuse bands s higher enenzy.
Although the alkcohols display strong featurs in
the region of 800 w0 1000 cm . close to those
found in their respective ether complexes, the bands
in the alcohols are clearly broadenad. The alcohols
mnioduce complications that could explain such
broadening: for example, there are two low-lving
conformers (with different caleulated band patiems)
that depend on the proximity ol the hydrogen atons
{29). Onher tactors include the different onentation
of the C-0 stretehing displacements relative o the
more parallel moton m the cthers, and the
possibility of mixing with the nearby 117-0-H
bending motion of the dangling hydrogen atom.
The dominant features in the methanol com-
plex (Fig. 3A) are blue-shilied relative to those in
{Me;0pH, and cach strong band appears with a
weaker absorption on the high-enerey side, In
contrast, the two most intense bands in the
ethano] complex (Fig. SB) fall quite close w
those in (E0)0H". The lowest energy band (at
788 em'y is the sharpest vl | Hderived feature
obtained from cither alecohol. The shampening of
this band i the larger system establishes that the
widths do not simply refleet the density ol back-
ground states, which would be largest in the R =
Et case. The mther different behavior of the two
alcohols emphasizes that the detailed disimbution

of the oscillator strength associated with vigl(| ) in
the symmetrical complexes is system-dependent.
Implications of the infrared spectra. Across
the range of 18 complexes surveyed here, the
dommant oscillator strengths traced w0 the
shared-proton vibrational fundamentals evolve
over a 2700<cm™’ span. The transitions are
isolated and sharp when the vibrational quantum
exceeds 2000 em ', but they broaden somewhat
and acquire muliiplet structure as the shared-
proton vibrition merees with those arising from
skeletal motions of the organic scaltolds in the
fingemprint region. The shared proton- based band
centers are observed o be closely correlated with
the difference in proton affinitics of the two part-
ner molecules. The well-resolved spectral fea-
tures i the fngerprint region also allow us o
lollow the deformations suffered by the mono-
mer subunits as they become bound by the
proton. This aspect is demonstrted i the de-
tailed study of the Me;O-H™-MOH specics.
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Structure of Fungal Fatty Acid
Synthase and Implications for
Iterative Substrate Shuttling

Simon Jenni,* Marc Leibundgut,® Daniel Boehringer, Christian Frick,

Bohdan Mikolasek, Nenad Bant

We report crystal structures of the 2.6-megadalton wefis heterododecameric fatty acid synthase
from Thermomyces lanuginosus at 3.1 angstrom resolution. The o and 3 polypeptide chains form
the six catalytic domains required for fatty acid synthesis and numerous expansion segments
responsible for extensive intersubunit connections. Detailed views of all active sites provide
insights into substrate specificities and catalytic mechanisms and reveal their unique
characteristics, which are due to the integration into the multienzyme. The mode of acyl carrier
protein attachment in the reaction chamber, together with the spatial distribution of active sites,
suggests that iterative substrate shuttling is achieved by a relatively restricted circular motion of

the carrier domain in the multifunctional enzyme.

atty acid syithesis is o comml metabolic
pathway that emtails the itermtive elongtion
of fatty acid chains through a sct of chem-

ical reactions conserved i all Kingdoms of hife,
Wheneas in most bacteria and plants, svnthesis is

13 APRIL 2007 VOL 316 SCIENCE

camicd out by sets of solmed cneymes (tvpe 1)
(2, fung and venebrtes have evolved linge,
although architccwrally  diverse, mulifunctional
symhases (type 1) (3-6). Mammalian fty acid
synthase (FAS) is a 540-kD as homodiner (7, &),

whereas Tungal FAS is a 26-megadalon ol
heterododecamenic complex (9120, Despite their
fundamenially  different archivecures, both ypes
ol megasyvnihases represent independent biosyn-
thetic factories, because they iniegraic all neces-
sy enzyvimatic activitics toeether with acyl camier
protein (ACP) domains used for covalent sub-
strate shuttling from one active site 1o the other,
In fungi, acetyl prmer and malony] clonga-
tion substrates are loaded from cocneyme A
CoA) o ACP by acetyliransterase (AT) and
malony Upalmioyl wransterase (MPT) and con-
densed to acetoacety l-ACP in a decarboxylative
reaction catalvzed by ketoacy] synthase (KS). In
three subsequent reaction steps, the PB-carbon
groups are processed by ketoacyl  reductase
(KR}, dehydrmase (DH), and enovl reductase
(ER}, which results in fully sawmated acyl-ACP
that can serve dircetly as a primer for the next

institute of Molecular Biology and Béophysics, ETH Zurich,
B092 Zurich, Switzerland.
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condensation reaction. In cach reaction cyele,
the growing acyl-chain is clongated by two car-
bon units until Cyg or Cyg latty acids are back-
transtened to CoA by MPT (6).

Here, we describe high-resolution structures
of the fungal tvpe 1 FAS from Thermomyees
farnrgineosus and of a complex with the nicotin-
amide adenine dinucleotide phosphate (NADPT)
cofactor, We also present a structure-based mod-
¢l for substrate shuttling in fungal FAS, which
may serve as a paradigm for mechanistically
related multienayme complexes,

Structure determination. We obtained ex-

perimentally phased clectron density maps of

T danuginosus FAS at 3.1 A resolution by
domainwise electron density averaging of the six
copies in the asymmetde unit (/3) (fg. S1). The
refined momic models include 21,127 amino
acids (89 of the ol number of residues), 6
lavin mononucleotides (FMN), and 12 NADDP
molecules, in the case of the NADP -soaked
crystal, In contrast 1o the structure of yeast FAS
deseribed in the accompanying paper (/4), clec-
tron density corresponding o ACP was oo weak

RESEARCH ARTICLES

tor allow us 1o build a model of this domain. The
phosphopantetheine (PPT) transferase (PT)
roquired for mitial apo-ACP activation, for which
we had considered the apex of the particle as a
possible location (/2), wis not visible, and we
presume that it is Oexibly avached ot the C
terminus of the o chain,

Overall architecture of the fungal FAS.
The overall structure of the fungal FAS can be
roughly divided into three distinet units: the central
wheel, which forms the equatonal disk of the par-
ticle, and wo domes, which arch over the reaction

Top view

Fig. 1. Structure of the fungal FAS. (A} A ribbon representation of the
refined 7. fanuginosus FAS structure is shown in two side views along the
two-fold axis of symmetry (left and middle) and in a top view along
the three-fold axis of symmetry (right). «« Helices belonging to the central
wheel are colored red, u helices of the capping domes are shown in
green, [ strands are colored blue, The particle has an approximate height
and width of 270 A by 250 A. “Windows” in the side walls and at the top

www.sciencemag.org SCIENCE WVOL 316

of the particle are labeled as openings 1 to 5, connections between the
dome and the central disk as C1, €2, and C3. (B) Quaternary structure
and subunit distribution of the FAS complex. The heterododecameric
complex is composed of a Dy-symmetrical g hexamer (subunits are
colored pink and blue) and two Cy-symmetrical [§; trimers (subunits are
colored green, yellow and gray). In the side view (left), the (3 trimers
have been moved away from the « chains as indicated by the arrows.
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chambers (Fig. 1A) Five major, structurally
unique openings or “windows” in the side
walls and at the top provide access to the
reaction chambers from the outside (Fig, 1A),
and six openings in the central disk connect
the upper and the lower reaction chambers
(Fig. 1B).

The  high-resolution structures  confirm
and substantially particulariec the previously
reported - and f-subunit distribution within
the FAS complex quaternary structure (9, [2).
The complete backbone traces of the six o
chains are highly intenwined and form the
entire central wheel, which has D3 symmetry,
The apical dome has O3 symmetry and is
composed of three complete B chains and
three tmes 94 Naerminal residucs contrib-
uted from the a chains (Fig. 1B). The arches
of the domelike superstructure rest on the
a-chain platform by means of three distinet
tvpes of abutments or intersubunit connee-
tions (Fig. |, A and B). The B chains are nol

as extensively intertwined as the a chains,
and individual subunits can be discerned
within the assembly.

Catalytic core domains caged within expan-
sion segments. The catalytic core domains,
defined by the homology 10 the FAS wype 11
eneyme structures, are embedded within expan-
sion scgments, These interspersed sequences
are imegral pans of the @ and P chains in the
form of intradomain insertions in all conserved
catalytic folds, as well as additional, separate
domains (Fig. 2A) They correspond o ~50%
of the twal mass of the complex and mediate
the majority ol architeciural interactions by
wrapping around, squeczing between, clamp-
ing and interconnecting the core domains (g,
54). With the exception of the KS and KR
dimer interfaces, there s minimal direct inter-
action between regions corresponding to bae-
terial core domains,

Allhough m some bacterial mulafunctional
enzymes, such as the faty acid B-oxidation

complex (/5), individual domains have been
observed o form more tangential interactions,
the expansion scgments i fungal FAS stably
integrate the catalytic domains into the com-
plex. Through this assembly mode, the hollow
structure of the multieneyme s generated from
a small number of subunits, cach displaying a
high level of complexity, Compared with other
macromolecular assemblics with large interior
volumes, such as multimeric chaperones, pro-
teases, and icosahedral viml capsids, fungal FAS
is built out of fewer polypeptide chains and
has more porous and permeable reaction-
chamber walls, Analogous 10 FAS, openings
through which substrates could enter inmo
reaction chambers are also observed in pyru-
virte dehvdrogenase (PDH ) complexes (f6),
Structure of the subunits. One 210-kD «
and one 230kD [ chain combine 10 build one
nonredundant portion of the fungal FAS com-
plex (Fig. 2B). The complicated folds of the two
unusually long polypeptides reveal numerous

A B chain (FAS1, 2080 amino acids, 231.8 kD):
AT ER DH MPT
o Bar 2B (T4 & HaTS1 {745 HmTEH [(1564) oy Ser TEET | 1508)
a-heixal Fomedaun ke TiM bl o-hastcal Antparalisl  Hotdog ot dog Mot dog Femruooun e
domadn 1 doman 1 doman 3 [ sheet fold 1 fold2 foldd pomaen 3
a chain (FAS2, 1878 amino acids, 206.7 kD):
ACP Sals KR 5 _KS PT
e S 180 100 e Tyt 14 (B30) o Cn 1 280 { 1005)
N [
d-helin Dz Rossmann figld D3 Thiclase fokd D3
[ Floxtile  burdie Flonitse
koLt harl2 —
B
a chain B chain
a-halical domain 1
Central 199 Hn;?
;::a;plml ACP anchor ) a/ji foid 1
anchor eSS ol Ry
. \ 325 Ld % e ' ’{; F A.T
Anti-paraliel ij;_‘;, _' FTs
P sheet o) g '-1-
Y, %t A
\};‘ﬁ'- } “ A’
AT LS GRS
A f; w,.;"'::‘i P { Ferredoxin-like
N S N 1K
s S - n : " Jﬂtk\'{“, ER
. Sy 00 1 a, TIM
_ [ .’ "l\-"ﬁ" 41': 1 barrel
¥ VoA -
G Hot
_ \""k @ dog2 ) f
a-helical domain 2

Fig. 2. Domain organization and structure of the subunits of fungal FAS. (A)
Domain organization of the FAS a and |3 polypeptides from T. lanuginosus.
Conserved sequence stretches structurally related to known enzymes are
shown in color (AT, green; ER, yellow; DH, orange; MPT, red; ACP, purple;
KR, blue; KS, cyan; PT, light blue). Functional domains are indicated by
magenta bars. Structural domains, expansion segments, and interdo-
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Helical flap 2

main linkers are colored gray. Asterisks indicate the position of catalytic
amino acid residues (corresponding residues in yeast FAS are shown in
parentheses, table 57} and zigzag lines the position of flexible linkers. (B}
Structure of the « and [ subunits, Ribbon representations of the « chain
{left) and the [ chain (right} are colored in rainbow from dark blue (N
terminus) to red (C terminus).
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mtrachain  contacts between residues  distantly
and (). As
desenbed i more detall (supporting  online
text), the catalytie domains on the [ cham are
arranged m the same order as 15 observed m
the primary structure. The appeamnce of the o
chain is dominated by the KR and KS cat-
alytie folds, from which extensions depan tha

located in sequence (Fig. 3. E, F

provide mitcraction surfaces for ohigomenza-
tion (Fig, 2B)

Both chains contan several solvem-cxposed
loops that may be accessible o proteases (fig. 53).
In fact, because of |1nl1|,1l|_\1i|; dl.."_;_'lill,l,l.:i\\l] q_1|,||||!j,:
CTEEYIME isolation |'||1u.'|.1|l||||,*.-\ (1. \'.,u|_'. mnves-
tigations of the yveast FAS from the late 19605
considercd the multicnzyme o be an associated
complex of many mdividual proteins, analogous
to bactenal systems (6, £8),

Subunit interactions, The o chains in the
central disk are mtertwined and form numer-
ous - subunit comacts (Fig. 1), Because ol
the Dy symmetry of the a hexamer, a-a sub-
unit mvolve  homodimeric

contacts manly

interfaces and imterlocking modules arranged
along the two-fold axis of symmetry. A large
77000 A% is buried when six
o subunits assemble, o which the two hughly
conserved dimenzation mterfaces ol the KR
and KS (&, 15, 19, 2) make substantial
contributions,

Additional ce-o comacts are mediated by four
dimenzaton modules (DMs),
helices in the wheel assocate in a head-to-head
manner and constitute the thin spokes between the
cemral hub and the KR domains (DM (Fig. 3A)
Fhe second tvpe of spoke :I.-w.'l1l|1|:\~ (DM3) i

surlace arca ol

[wo extended o

formed |'|_'. one of the serjuence mserions m the
K“\ Mg |.|'|1I:I].li['l, ik |!|.'IIIL' ||1|_' L"L|‘I:II'..\i':1II .'-L'_'.,',II:IL‘Iﬁn
L'l.l]||1"| 111;:L1]|L'I' VI i |ll:|5', double-stmnded ann-
A0,
I'wo penpheral DMs provide an elegant way 1o

parallel [ sheet capped with an o- fold (Fig.

lurther stabilize the a-subunil association by es-
sentially tving it together: The first (DM2) s
formed by a four-helix bundle, which exhibats
Nexibility wiath respect to the body of the FAS
(Fig

3BY the second (DM4) is delined by

expansion segment helices at the outside of the
K5 (Fig. 3D)

The B-p contacts  the dome ane restricted
tor helwal domam 1, responsible tor the fonma-
ton of the tnmerie apical connection of the
arches (Fig. 3K), and w0 the mterction of the
DH with the AT domain of a ncighboring B
chain. The construction of the dome burics less
than ~5000 A? surface area between the three 4
subunits, which 15 small compancd with the ob-
served contacts among the o chams, and allows
slight motions of the individual domains

The three difteremt o-f connections C1, C2,
and O3 where the arches depan from the
cquatorial disk (Fig. 1AL are all mediated by
cxpansion scgments, In O, a-helical domain 2
beneath the ER core packs on one KS expan-
sion scgment, clamps the extended part of the
KR-KS linker, and forms additional interactions
with the |||:1|~_: helix |j~j:||:_' on the KS cone struc-
ture (Fig. 313, C2 15 formed between the same a
and B subunis as C1 and solely involves pack-
mg of an additional hot dog fold msened m the

Fig. 3. Intra- and intersubunit interactions in the fungal FAS complex.
Schematic topologies for the hexameric central wheel and the trimeric dome
are shown in the middle. o Subunits are colored pink and blue, [ subunits
green, yellow, and gray. The labels (A) to (K} indicate the interaction motifs
depicted in the surrounding panels. In the close-up views, catalytic core
domains are shown as gray surfaces, and the expansion segments that mediate

wWwWwL.sClencemag.org
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intra- and intersubunit interactions are shown as ribbons. (A to D) DMs of the
central wheel. (E} Four-helix bundle within one o« chain between KR and KS.
(F) Antiparallel |3 sheet of the [§ chain between the ER and DH. (G) Contacts
involving short expansion segments of AT, ER, and MPT. (H to J} Intersubunit
[ connections C1, C2, and C3. (K} Apical trimeric connection formed by the
N-terminal c:-helical domains of three [ chains.
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pecudodimenc DH against the long o helix of
the KR-KS linker (Fig. 3H) Connection O3 15
tormed between an MPT expansion segment of
the B subunit and a short insertion in the KR of
a second o chain (Fig. 31),

Double-anchored ACP in the reaction chamber.
The clectron density for the N-terminal region
of the a chain stans in the side wall of the
dome, where it completes the fold of the MPT,
then disappears in the interior of the reaction
chamber and reappears ~60 A away at the DM
helices in the middle of the equatorial wheel,
The sequence between these peripheral and cen-
tral anchor points comesponds 1o the substrate-
conjugating ACP domain, flanked by (lexible
linkers. This architectural solution implies that
ACP 15 double-tethered diagonally across the
reaction chamber (Fig. 4A).

We mvestigated the conformations of the
ACP domains in the reaction chambers using
cryoclecton microscopy. A single particle re-
construction of T fannginosus FAS a1 18 A
resolution shows density features attnbutable 1o
ACP domains inside the reaction chambers (Fig.
4C). The observed density docs not allow fiing
ofthe ACP fold (/4), but mther reflects the time-
averaged positions of ACP domains and the
associated linkers in solution. The density ex-
tending from the central wheel can be attri-
buted w an additional portion ol the downstream
ACP linker not observed in the ervsiallographic
experiment,

The peripheral ACP anchor provides in-
tguing insights into the evolution of fungal
FAS. The crysial structure reveals that the N
terminus of the a chain 15 very elose i space
(~8 A apart) to the loeation where the €
terminus of the B ochain ends (Fig. 4B). The
iwo chains together describe the fold of the
MPT, with the 5 chain contributing the portion
with catalytic residues and the o chain complet-

Fig. 4. Integration of A
the substrate-carrier do-
main ACP in fungal FAS.
(A) Partially cut-away
reaction chambers of
FAS are shown from the
side. Each of the two re-
action chambers contain
three double-tethered
flexible ACP domains
(schematically repre-
sented by cyan spheres
and yellow dashed lines)
between the peripheral
anchors in the reaction
chamber wall and cen-
tral anchors at the base,
(B} Structures of the cen-
tral and peripheral ACP
anchors shown in ribbon

Do wipes

chamber

representation. The peripheral anchor, which corresponds to the N terminus of the
« chain {blue), forms the MPT fold together with the C terminus of the 5 chain
(green). For illustration, the bacterial MT (yellow) has been superimposed on the
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ing the core fold of the MPT (fig. S9). In fact,
ceriain specics express fungal tyvpe 1 FAS from a
smgle gene without the insertion of additional
amimo aculs, when compared with the - and
a-chain termini of the T lanuginosis or veast
FAS (fig. 56), The composite nature of the fungal
MPT, which supenmposes with the bactenal
homolog (Fig. 4B) (24}, indicates that the two
genes encoding the a and B chains are unlikely 1©0
have evolved independemtly and that double-gene
transcribed FASs are probably a result of gene
spliting of a single ancestor, Single-gene FASs
are found in Usiilage srenvdis and relaed fungi,
Although, in dilfarent species, gene splitting
occurs ol various positions of the sequence (g,
S6), 1t 15 pever observed within the ACP linkers,

which is an argument for the existence of

considerable evolutionary pressure i order 10
preserve two-sided covalem attachmenmt of ACP
in the reaction chambers,

Acetyltransferase and malonylpalmiteyl
transferase. The similar fold of AT and MPT
reflects the related functions of these aizymes,
namely, the ransfer of acyl groups between
CoA and ACP. Because of the position-specilic
intra- and intersubunit contacts of AT and MPT
within the multienzyme complex, major struc-
tural ditferences are observed at the periph-
erics in the form ol expansion scgments (g,
571 On the basis of biochemical and muta-
genesis experiments performed with veast FAS
(222240 and the comparison with bacterial
malonylirmnsicrase (MT) structures (25, 246),
the catalytic histidines (H* xr /1™ yipram)
and serines (5™ urer/S'* vprn) could be
assigned in the deep crevice between the large
and small subdomains (Fig. 3A).

Previous studics of the veast FAS tansacylase
specificiiies indicated thm MPT  preferentially
translers malonyl and palmitoy] moietics, where-
as AT specilically reacts with the acetyl group

B  chain
C tarminue

Peripheral
ancheor

(4, 22-24). The positively charged arginine
Rm!mm, located at the base of the catalyviic
pocket i MPT (Fig. 5A) probably recognizes
the negatively charged free carboxyl group of
the malonyl moiety, as observed in the Esch-
ericiia eodi MT cocrystallized with malony l-Co A
26). In AT, however, R1m}mp-rm, is replaced
by the highly conserved isoleucine PP'® gy,
which should favor the binding of the un-
charged acetyl moiety and should lead 1o dis-
crimination against malonyl binding. Mutating
the comesponding arginine residue in the hi-
functional human malonyl/acetyltiranslerase
significantly reduced malonvl and increased
acetyvltransferase activity (27), consistent with
our structurl observations,

Another important structural difference be-
tween AT mnd MPT s the narmowed catalyvtic elefi
of AT, which might prevent binding of long-
chain acyl substrates. In contrast, the catalytic
cleft of MPT is open and contains a number of
conserved hvdrophobic residues well suited Tor
binding the acyl chains of fully clongated and
saturated Oy or g Aty acid products tor back-
transfer o CoA (ligs. S8 and 59).

Ketoacyl synthase. The canonical KS
dimers that catalvee the decarboxylative con-
densation of the acyl and malony! subsirates are
tightly embedded in the central wheel of the
FAS particle, and their catalytic clelis point into
opposite reaction chambers (Fig. 5C). The broad
specificity ol fungal type 1 KS for Cy to C g acyl
primer substrtes contrasts with condensing en-
avmes of the dissociated bactenal wpe [ FAS
system, where acyl chains are clongated by three
synthases (KASs) with different substrate spee-
ificities: KAS 111 (FabH) clongates C5 by using
aceiyl-CoA as a primer, whereas KAS [ (FabB3)
and KAS 11 (FabF) extend ACP-linked sub-
sirates with a primer length of Cy 1o Cyy and
Cyg respectively (/) Structural superpositions

Cc

Central anchor */}QS

MPT. (€} Cryoelectron microscopic reconstruction of T, lanuginosus FAS at 18 A
resolution. The particle is sliced and additional density not observed in the
electron density map of the crystal structure s colored red.
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of the fungal KS thiolase fold with those of the
three bactenal enevmes reveals a close nesem-
blance to both KAS [ and KAS 11, whercas the
stuctural relanon w KAS 1 s more distant
(fg 57 and wble 533, Note that the acyl-binding
pocket of KS shares conserved features with
both KAS | and KAS I, which may explain
the broader specificity of the fungal KS (lig,
5100, The use of a single KS for all conden-
sation steps in the fungal FAS complex seems
advantageous; however, it obviously necessi-
tated the integration of an additional catalytic
activity, the AT, to provide ACP-bound €5
primer substries,

Ketoacyl reductase. KR catalvees the
first of three Pcarbon processing steps, the
NADPH-dependemt reduction of ketoacyl-ACP
to hydroxyacyl-ACP. The catalvtic core of
lungs Al KR, which adopts a classical Rossmann
fold, is highly similar 10 the bacterial type 11
enzymies (fig. 87 and table S3). Nevernheless,
fungal KR forms dimers, in contrast to the tet-
ramenic type [ KRs (12, 28) Integrated into the
fungal FAS complex, the active sites are located
in opposite reaction chambers (Fig. 5B).

In the structure of T lannginosis FAS from
crystals soaked with NADP™, the cofactor binds
in the active site clefi just above the aquator of the
central wheel (Fig. 5B and fig. 821 The reactive
nicotinamide part of NADP is dircctly aceessi-

A

Fig. 5. Active sites. (A) Superposition of the AT {(green) and MPT (red)
catalytic center, The arginine implicated in the recognition of the
negatively charged malonyl moiety by forming a bidentate salt bridge
in MPT is replaced by a hydrophobic isoleucine in the acetyl-specific
AT, (B) Organization of the KR dimer in the central wheel of the FAS
particle. Each KR dimer is tightly embedded into the central wheel. As
a result, the two active sites of the dimer are located in different
reaction chambers. The NADP* cofactor bound to the catalytic center
of KR is shown in red. (C) Topology of KS in the FAS complex. As a
consequence of the K5 integration into the central wheel, the catalytic
clefts of each KS dimer point into different reaction chambers. The
deep, hydrophobic substrate-binding pockets extend to the dimer
interface and are shown in red. (D)} The FMN-containing fungal ER
adopts a TIM barrel fold and is structurally unrelated to the
mammalian and most bacterial counterparts. The peptide chain is

ble from the inside of the reaction chamber, and a
long tunnel, which could accommodate the acyl
cham, points away lrom the catalybie center
(supporting online text and g, S11L The com-
parison of the dinucleotide-free with the NADP -
bound form of fungal KR reveals structuml
changes in the loop contacting the pyrophosphate
moicty of NADP” (fig. S11). The loop adopts an
“open” conformation in the cmpty KR fomm and
closes upon colactor binding. This conforma-
tional change might ensure that the NADPH
colactor, which i a prerequisite Tor catalysis, is
bound 1o KR before the ketoacy-ACP substrate,
Such a scenano would be similar o type 11 KRS,
where rearmangements ol a comesponding shorter

loop, as well as regions on the opposite side of

the catalvtic cleft have been observed after
NADP binding (28, 29,

Dehydratase. The climination of water from
hydroxyacyl-ACP is catalyzed by DH. The
overall structure of fungal DH reveals a tniple
hot dog fold with the pseudodimenc part closely
related 1o cukaryotic
which catalyvze the inverse reaction and use
CoAclinked substrates (figs. 57, S13, and S14)
(30-32). The additional hot dog domain is

hydratase 2 enzyimes,

inserted between the two pscudosy mmetnic core
subunits, On the basis of similarity with the
structures, the catalvtic  histidine
pram 15 located in the C-terminal domain

hvdratase 2
I lISl-'II

colored rainbow from its N terminus (blue) to the C terminus (red).

The NADP* cofactor (red} is bound in a deep cleft formed by the TIM barrel
subdomain, which harbors FMN (yellow), and a large, mainly c-helical,
Feae omit Fourier map (gray) showing both cofactors is
contoured at 3 o. (E) The ER embedded into the wall of the FAS complex is

insertion. The Fap, —
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of fungal DH, from which a =20 A-long hydro-
phobic twnnel mins inte the N-temminal subdo-
men (supporting enline wext). The architecture of
this substrate-binding tunnel 1lustmtes potential-
ly opposing requirements imposed onto all cata-
Ivtic domains as they became incorported o
the multicnzyme, DH has, for example, evolved
insertions and an additional domain that stabilize
the interactions between its catalytic core and the
rest of the multicnzyme. Neventheless, the selec-
tive pressure has ensured that in spile of these
additional femures, the maximal length of the
substrate-binding wnnel & maintained.

Enoyl reductase. The ER caalvees the last
sep in the fay acid elongation cvele by ne-
ducing the enovl-ACP mtermediate to saturated
wyACE In contrast 10 most other FAS sys-
tems, where electrons from NAD(PYH are trans-
femred dimcctly 0 the substmte by a dilferem
catalytic mechanism, reduction by the fungal
type 1 ER i flavin mononucleotide (FMN)
dependent (33). The fungal ER contams a tnose
phosphate  somemse (TIM)-barel fold (un-
related to the Rossmann fold of the bacterial
ER Fabl) with a large, predominantly a-helical
insertion (Fig. SD). The FMN-binding pockel is
located at the base of the TIM barrel, and
NADP binds in the deep cleft between the
inscrtion domain and the bamel (fig. SI6L A
remarkably similar structural homolog (despite

colored according to its surface conservation from white (not conserved) to
green (highly conserved). The NADPH cofactor can approach the binding cleft
from the outside of the FAS particle. The highly conserved inner surface of ER
allows direct access to the reactive FMN and the catalytic histidine.
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Fig. 6. Substrate shut-
tling in the fungal FAS.
(A} On the basis of the
shortest distances be-
tween both ACP anchor
points {green) and all
catalytic domains in
the reaction chamber,
a complete set of cata-
lytic sites necessary for
the cyclic reaction can
be defined (red). On
account of the elasticity
of linkers (yellow), free
diffusion of ACP (cyan)
would be “channeled”
into a circular path,
which further increases
the local concentration

of the ACP in the area where aclive sites are distributed (arrow). (B} The reaction chamber contains three complete sets of active sites, which are arranged in an
approximate plane around the peripheral ACP anchars. Note that different « (pink, blue) and [3 chains (green, yellow, gray) contribute to each catalytic set.

the low sequence homology of 16%) is the
FMN-dependent 2-nitropropane  dioxygenase
(ND) from Psendonmeonas aeruginosa (lgs. 57
and 817 and table 83) (34). This suggests that
the reduction step catalyzed by lungal ER may
rely on analogous catalytic residues (supponting
online text) as the oxidative denitrilication of
nitroalkenes catalyeed by ND.

The ER is optimally imbedded within the
FAS complex to allow easy access ol the
NADPH to its binding pocket rom the outside
of the FAS particle, whereas its catalyvtic center
15 best accessible from the interior of the
reaction chamber, where ACP delivers the sub-
strotes (Fig. 3E). The surface swrrounding the
active site harbors many conserved residucs,
which might represent a docking siie tor ACP
(74). Superposition of our NADF -bound ER
structure with other FMN-containing TIM barrel
oxidoreductases in complex with their subsuates
(34, 35) reveals that the substrates would
sterically clash with the picotinamide moicty of
NADPT, which suggesis that oxidized NADP
is likely released before enovl-substrate bind-
ing. Such sequential and muiually  exclusive
subsiratc binding would imply a two-sicp Ping-
Pong catalytic mechanism for ER of wpe |
fungal FAS,

The structure of the fungal ER also mtio-
nalizes the observation that some pathogenic
bacteria, such as Swrepiococcus prewmonioe,
display resistance o triclosan, a well-known
antibiotic and inlubitor of the common Fabl-
like ER (36, 37). These resistant bacteria lack
the fabf gene present in triclosan-sensitive
bacteria. bul instead bave a different essential
gene, fabK. Interestingly, an alignment of
Fabk sequence and fungal ER idemilies Fabk
as a TIM-bamel comaiming flavoenzyvme sim-
ilar w0 fungal ER, having conserved FMN-
imteracting residues and the same proposed
catalvtic histdine (fig. S17) Therelore, these
bacteria probably acquired an unusual, fungal-
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related TIM barrel fold ER that s not inhib-
ited by triclosan.

Topology of catalytic centers in the FAS
assembly. For cflicient catalysis by FAS, shon
diffusion distances for ACP during substrte
transfer are crucial, as well as unhindered access
to active site clefis, In onder to define the likely
path of an individual ACP during the reaction
cvele, we measured the distances between all
catalytic sites in one reaction chamber and the
two anchor points for one ACP domain. Al-
though the maximal extended length of the
Mexible linkers would allow ACP 10 reach many
catalytic sites within the reaction chamber (38),
one comprebensive set of calalytic sites is
located considerably closer 1o an individual set

of anchor points than any other combination of

active sites (table S6). Moreover, the catalvtic
sites of this set are distributed in a circular
manner around the peripheral, elevated anchor
point, and the substrmie clefis of the eneymes
point toward the anchors (Fig. 6A).

This proposed reaction pathway allows ACP,
alter subsirate loading by AT or MPT, to reach
all subsoquent catalytic centers in a clockwise
motion when viewed from the inside of the
reaction chamber, mimoring the usual textbook
depiction of the fauy acid synthesis cyele. Con-
sequently, after one full reaction cyele, the acyl
chain is back-trnsferred from ACP 1o the same
KS for the next clongation step, and the grow-
ing faiy acid is not handed over from one ACP
1o another.

The distances between the two ACP anchor
points and the respective set of active sites is
relatively uniform, -85 £ 15 A for the anchor
point within the central wheel and -55 « [5 A
for the anchor within the MPT (Fig. 6A and
table S6), Nuclear magnetic mesonance cxperi-
ments have shown that alanine- and proline-rich
linker sequences have some degree of ngidity in
solution (39, 40). Single atachment of ACTP
would allow it to move within a sphere defined

by the persistence length of the linker. However.
the observed double attachment of ACP lavors
its movement along the intersection of the two
spheres, which define a “low-enerzy circle™ per-
pendicular to the vector that connects the anchor
points. The length and the sequence ol the
linkers would affect the steepness of the three-
dimensional energetic landscape around  this
circle and must have evolved to match the ap-
proximaicly circular distribution of the active
sites. A mechanical analogy o this mechanism
would be a ball connected o separate anchor
points via two differemly sized springs whose
lengih in relaxed state is greater than the distance
between the two anchors, Without streiching or
compressing the springs, such a ball could only
pivolt around the axis that connects the two
anchor points.

It is evident from the wpology of the o sub-
unit in the FAS complex that for each a chain, the
KS catalvtic cleft points imo one, and the KR
active site into the other, reaction chamber.
Similardy, KS and the ACP anchors of the same
subunit arc located in different reaction com-
partments. Therefore, at least two a chains are
required for catalysis (Fig. 6B). This is i
agreement with carly cross-linking expenments
(1), showing that dibmomopropanone cross-
linking of the PPT group of ACP with the active
site cysicine of KS resulied m oligomenzation of
the FAS o chains. Inspection of the proposced
pathway for ACP dunng a full reaction cvcle
shows that it encounters catalvtic cnevmes that
are distributed not only across two o chains, but
also over two i chains (Fig. 6B). [fonly a single 8
subunit was involved in the reaction eyele, the
overall travel distance of ACP would be consid-
erably larger.

The first high-resolution structures of wpe |
fungal FAS reveal the molecular basis of come-
partmentalized fatty acid synthesis ina complex,
multicneymatic megasynhase, These results
now make it possible to cvaluate this interde-
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pendent system of enzyvmaiic reactions in a
well-delined structural framework with a range
of features that are nol considercd In single-
eneyme catalyvsis. Moreover, detmlbed mechanis-
tic questions regarding Fatty acid synthesis by
fungal FAS and related type 1 FAS cnzymes
(supponing online text) can now be addressed
with structure-based genetic and  biochemical
experiments,
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Plastic and Moldable Metals by
Self-Assembly of Sticky
Nanoparticle Aggregates

Rafal Klajn,** Kyle ]. M. Bishop,* Marcin Fialkowski, Maciej Paszewski,’
Christopher ). Campbell,* Timothy P. Gray,” Bartosz A. Grzybowski™*t

Deformable, spherical aggregates of metal nanoparticles connected by long-chain dithiol

ligands self-assemble into nanostructured materials of macroscopic dimensions. These materials
are plastic and moldable against arbitrarily shaped masters and can be thermally hardened into
polycrystalline metal structures of controllable porosity. In addition, in both plastic and hardened
states, the assemblies are electrically conductive and exhibit Ohmic characteristics down to

~20 volts per meter. The self-assembly method leading to such materials is applicable both to
pure metals and to bimetallic structures of various elemental compositions.

Ihough various techniques have been
developed 1o assemble nanopanicles al
the microscale, such as nanoparnicle
superlattices (£, 2) and three-dimensional crys-
tals (3, 4}, scaling up these procedures 1o
freestanding, macroscopic materials () has

www.sciencemag.org SCIENCE VOL 316

proven challenging. This situation contrasis
with the formation of ceramic “greenwares™
from colloidal particles such as clays, the
interactions of which can hold the panicles
close together even during the dehydration
and calcining steps that produce the final

product (6). Here, we describe straightforward
synthesis of such materials by a two-step method
in which individual metal nanoparticles first
sell~assemble into delormable sphercal aggre-
gates (“supraspheres™) and then “glue” wogether
like picces of clay imo millimeter-sized struc-
tures. Notably, not only me these macroscopic
materials plastic and moldable into arbitrary
shapes, but they also can be electrically con-
ductive. In addinen, becavse ol the metastability
ol the spherical bullding blocks, they can be
thermally hardened and structurally evolved into
porous, polyverystalline metal monoliths. The
deseribed methodology works well with nano-
particles of more than one type and can be used
to prepare both purc-metal and  bimetallic
materials.

We used spherical nanoparticle assemblics, or
supraspheres, similar to those prepared previous-
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Fig. 1. Synthesis and properties of spherical nanoparticle aggregates. (A)
Structure of the dithiol azobenzene cross-linker [4,4'-bis(11-mercaptoun-
decanoxylazobenzene (ADT)] mediating self-assembly. (B) Scheme of the
light-induced self-assembly of metal nanoparticles (NPs) coated with DDA
and ADT into supraspheres (for mechanistic details of this process, see SOM
text, sections 2 and 3). (C) Diameters (blue) and the wavelengths of maximal
absorption (A, red) for supraspheres formed by UV irradiation of Au
nanoparticles (yellow) covered with various numbers of ADT ligands. Below
the critical number of ligands adsorbed onto each nanoparticle (here, ~20),
the photoinduced interactions between nanoparticles are too weak to cause
their aggregation. Above this limit, nucleation and growth of supraspheres
occurs. {Inset) Suprasphere diameters, D, decrease with increasing
concentration of ADT ligands. The abscissa has the total ADT concentration
(both adsorbed and free ligands) and is logarithmic to emphasize the
agreement of the experimental results with D ~ Capy > power law predicted
by the nucleation-and-growth model (black line). Error bars show mean + SD.
(D} For metals exhibiting surface plasmon resonance (Au and Ag),
aggregation is accompanied by a pronounced color change (as shown here
for Au). The vials in the bottom row are solutions of supraspheres arranged in
the order of increasing ADT/NP ratio and correspond to the points in the plot.
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(E) Aspect ratios of height to width, hiw, of supraspheres placed on silicon
{100} increase with width, Solid line corresponds to the trend predicted by
the Ramberg-Osgood model of suprasphere plasticity (for more details, see
SOM text, section 4). (F) Side-view SEM images of two typical supraspheres
on a silicon surface. Fig. 2. (A) Upon dewetting of a suprasphere solution
from an inclined silicon surface, the supraspheres—similar to coffee dregs
(24}—organize into bands. (Left) An optical micrograph of such bands
(“wires”) while still attached to the surface. Scale bar, 1 mm. (Inset) A
freestanding wire washed off the surface with methanol. Scale bar, 0.5 mm.
{Middle} SEM image showing the wire's porous structure. Scale bar, 1 um.
(Right) A magnification of individual supraspheres. Scale bar, 200 nm. (B}
Concentrated solution of the supraspheres can be molded against masters
[here, made of polydimethylsiloxane (PDMS)] of arbitrary surface reliefs
and then peeled off onto a polyurethane film [Norland Optical Adhesive
(NOA) no. 68). (C and D) Optical and SEM images of microstructures
prepared by molding Au or Ag supraspheres against an array of concave
microlenses and an amray of microgears. The freestanding gear and track
pieces in the left panel of (D) were arranged manually after liberating from
the polyurethane film. Scale bars, 200 um. (E) Polypropylene miniature
before (left} and after (right) coating with supraspheres. Scale bar, 1 mm.
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Iy (7-%). For our puiposes, however, we required
that the suprspheres be structurally sturdy as
well as deformable and adhesive with respect
to one another. We expected that these proper-

ties could be achieved by using long-chain
dithiol cross-linkers (Fig. 1A} the terminal
thiol (SH) groups of which are Known to bind
strongly to noble metal nanoparticles. The long

Fig. 3. (A} Typical load- A

displacement loops recorded during . gk | m S b aeoane A
nanoindentation (Tribolndenter, £ cic. B 18 eo| g—‘f': i
Hysitron Inc.) of (left) a plastic wire < 400 il &7 b
(~1mmby 170 ym by 30 ym) made & L ©z /ég"
of ~150-nm gold supraspheresand £ 200 } s
(right! the same wire after hardening at ol ! " ,,/
S0°C for 12 hous. The compression- 0 S0 1000 1500 0 25 50 75

release hysteresis recorded before
hardening indicates plastic deforma-
tion. (B) SEM images corresponding
to the graphs above show structural
changes accompanying hardening.
(€) Hardened materials subject to
further heating at 350°C melt and
shrink to ultimately give a solid
block of metal. The panels show the
progression, from top left, to bottom
left, to bottom right, and finally to
top right. Scale bars, 200 nm.

Fig. 4. Assembly schemes, SEM
images, and energy dispersive
analysis by x-rays (EDX) (Hitachi
53500) spectra of nanoporous
materials made of (A) pure plati-
num, (B} 1:1 gold-palladium, and
(C) 3:1 gold-silver. To verify spa-
tially uniform composition of the
bimetallic materials, EDX specira
were taken by focusing the beam at
different regions of the same sam-
ple. a.u., arbitrary units. Scale bars,
500 nm.
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spacer connecting these groups should endow
the resulting aggregates with flexibility. In
addition, our lmkers mcorporated a photo-
swilchable azobenzene umit that allowed for
precise control of the assembly process and of
the dimensions of the forming spheres by ultra-
violet (UV) light,

In a wypical procedure, we used 2 mM
solutions of metal panoparticles (here, mostly
Au, but also Ag, P, or Pd) in tolucne, The
nanoparticles were 5 nm in diameter and had a
dispersity o' = 10%% [supporting online material
(SOM)Y text, section 1], We stabilized the
solutions with 35 mM dodeevlamine (DDA)
capping agent and 10 mM didodecyldimethyl-
ammonium bromide (DDAR) surfaciam, Next,
under vigorous stirring, we added varying
amounts (up to 2.4 mM) of photoactive trans-
azobenzene dithiol (ADT) ligands (Fig, 1B}
o the solutions. Because excess surlactant
and capping agent prevented the spontancous
crogs-linking of nearby manoparticles through
their divalent ADT ligands, the unirradiated
solutions were stable ( 1) for many woeeks, Low-
power UV imadiation (365 nm, 0.7 mW/em®)
(1) caused rapid trans-cis isomerization of
the ADTs (Fig. 1B, center) and induced mo-
lecular dipoles on the azobenzence units
[electric dipole momem (p) = 4.4 debye for
the cis (/2) form compared with 0 debye for
trans ). causing the molecules to aggregate and
cross-link into supraspheres (Fig. 1B, right).
[For detailed discussion of the forces mediating
sell-assembly, see SOM text, sections 2 and 3.
The suprasphere growth occurred by means of
a nucleation-and-growth mechanism, m which
the free nanoparticles ininally nueleated inio
small, thermodynamically stable clusters (un-
less smaller than a critical size) that sub-
sequently grew by the addition of single
nanoparticles until all nanoparticles available
were used (/3) The important feature of this
mechanism is that it allowed the control of
suprasphere diameters (Fig. 1C) by changing
the concentration of the nanoparticles and/or
the concentration of the ADT cross-linkers
(4, 15}, Inthis way, we prepared supraspheres
with diameters between about 50 and 300 nm
(o) iFig. 1, C and D, and fig, S6).

Irrespective of their sizes, the supraspheres
were highly deformable upon contact with other
spheres (or surfaces) and-—despite being com-
posed in ~92% weight by weight of metal
(/ 7)y—had the mechanical propertics of a plastic
solid. The plasticity was confirmed in two
ways: (1) by nancindentation of individual
supraspheres and (i1} by the aspect ratios and
contact angles ol spheres adhered omo dilTerem
substrates, always increasing with increasing
sphere size. Here, a systematic study of supra-
spheres on silicon { L00) surfaces indicated (Fig.
I, E and F) that their deformation is driven by
short-ranged adhesion forces, and can be
desenbed by the so-called Ramberg-Osgood
model (/8) of initial ¢lastic response Tollowed
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by imeversible, plastic deformation (SOM text,
section 4).

The plasticity and “stickiness™ of the
supraspheres enabled their further assembly
into macroscopic materials (/49), This is shown
in Fig. 2, where suprasphere solutions cither
were dewetted from an inclined surface 1w
leave behind an array of parallel “wires™ (Fig,
2A) or were first concentrated to between 0.1
and 0.5% of the original volume and then
molded against arbitrarily shaped and pat-
terned masters (Fig. 2, B o E). Upon drying
the solvemt and washing with methanol 1o
remove exeess surfactant, the structures ob-
tained could be gemly pealed ofl the surface
onte a polyurethane resin and then me-
chamically detached 1o give frecstanding mate-
rials. Nanoindentation experiments revealed
that similar o the supraspheres they comprise,
these materials were plastic (with reduced
modulus £, of few gigapascals and hardness
H of a lew tens of megapascals: Fig. 3. A and
B, left panels). Atthe same time, they could be
structurally evolved and hardened by mild
thermal treatment (about 50°C) 1o give rela-
tively brittle, polyerystalline porous materi-
als (£, ~ 10 GPa and H -~ 300 MPa; Fig. 3, A
and B, right panels). The plastic-lo-porous
metal evolution procecded without noticeable
changes in the materials” overall dimensions
and was the result of gradual desorption of
DDA and dithiol molecules (20, 21) and con-
sequent Tusion of nearby nanoparticles com-
posing the materials.

Because this process was similar for plastic
precursors assembled from supraspheres of dil-
lerent sizes, it was possible to prepare hardened
materials of different porositics. Scanning
clectron microscopy (SEM) analysis showed
thai the pore sizes were commensurale and
increasing with increasing diameters, 0, of the
suprasphere building blocks. At the same time,
surface arcas of the porous materials decreased
slightly with increasing £ and, as evidenced by
Brunaver-Emmett-Teller measurements, were
tvpically several square meters per gram (e.g.,
§ m¥/g for porous Ag made of 80-nm Ag
supraspheres).

When hardening  was continued at tem-
peratures above 300°C, the pore sizcs and the
material’s overall dimensions gradually  de-
creased (by as much as 20%) 1o ulimately give
a hlock of solid metal (Fig. 3C). During such
heating, the material initially preserved its
shape (up to about 10%s shrinkage), but its fine
structural details were lost upon ull melting.
Because of the adhesiveness of the supra-
spheres, they not only assembled with one
another but also readily coated varous glasses
and plastics (e.g., rubber and polyurethanes
such as Norland Optcal Adhesive, SU-S photo-
resist) dipped into suprasphere solutions, In
onc example of this capability (Fig. 2E), gold
supraspheres formed uniform coating on &
small polypropylene statuetie,
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In addition w plasticity, moldability, and
susceptibility to thermal hardening, our evolv-
g nanostructured materials exhibited electnc
propertics reminiscent of semimetals, In both
plastic and hardened states, these materials
were electrically conductive; they had purcly
Ohmic current density-ficld strength chamcter-
istics over a range of applied clectric ficlds
from 2 = 10° V/m down to 20 V/m; and their
resistance decreased as the underlying structure
evolved (SOM 1ex1). The observed Ohmic char-

acteristics are in sharp contrast o those of

other metal-insulator structures studicd o dae,

for conductance,

Because our sell-assembly approach al-
lows for the use of different wypes of supra-
spherical building blocks, all of the discussed
methods and material properties could be
extended to nanostructured materials com-
posed of more than one metal—that s, 1o
bimetallic materials (Fig. 4). In principle, such
materials could be made either from mixtures
ol supraspheres of different types (e.g.. all Au
and all P1) or from mixed supraspheres
composed ol different types ol nanoparticles.
In practice. however, the first method proved
unsatisfactory  because the ditTeremt metals
often phase separated upon thermal hardening.
In contrast, hardening ol mixed supraspheres
gave structurally uniform materials (on the
scale of =100 nm), in which the composition at
every probed location was equal to that of the
supraspheres used. In this way, we were able
to prepare bimetallic monoliths of various
combinations and proporions of Au, Ag, P,
and Pd. Two representative examples—Au
and Pdil:1yand Auvand Ag (3:1)—are shown

in Fig. 4. B and C. We believe that because of

their high porosity, these materials may lind
uses in separations science and in heteroge-

neous catalysis, in which the application of

multicomponent “nanofoams”™ o catalyze
multiple (or multisicp ) reactions scems partic-
ularly interesiing.
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Optimizing the Laser-Pulse
Configuration for Coherent
Raman Spectroscopy

Dmitry Pestov,'* Robert K. Murawski,™* Gombojav 0. Ariunbold,® Xi Wang,*
Miaochan Zhi,! Alexei V. Sokelov,® Vladimir A. Sautenkov,® Yuri V. Rostovtsey,™?
Arthur Dogariu,® Yu Huang,® Marlan 0. Scully’?

We introduce a hybrid technigue that combines the robustness of frequency-resolved coherent
anti-Stokes Raman scattering (CARS) with the advantages of time-resolved CARS spectroscopy.
Instantaneous coherent broadband excitation of several characteristic molecular vibrations and the
subsequent probing of these vibrations by an optimally shaped time-delayed narrowband laser
pulse help to suppress the nonresonant background and to retrieve the spedies-specific signal. We
used this technique for coherent Raman spectroscopy of sodium dipicolinate powder, which is
similar to calcium dipicolinate (a marker molecule for bacterial endospores, such as Bacillus
subtilis and Bocillus anthracis), and we demonstrated a rapid and highly specific detection scheme
that works even in the presence of multiple scattering.

he Raman vibrational spectrum of mol-
ecules provides an exeellent hingerprin
for species identification. Because of the

Raman effect, lower-frequency ( Stokes) radiation
is emitted (Fig. TA) when light irmadiates a mol-

coule. The signal is weak, but with the advent of

powerful lasers, spontancous Raman specirosco-
py became a uselul wechnigue,

When the molecules are put into coherent
oscillation by a pair of preparation pulses (pulses
| and 2 in Fig. 1B) and a third pulse is scattered
off of this coherent malecular vibration, a strong
anti-Swokes signal (pulse 4) 1s generated (Fig.
| B). This process s called coherent anti-Stokes
Raman scattenng (CARS) [(7-3) and relerences
therein.

Unfortunaiely, CARS from the molecules
ol interest is frequently obscured by the non-
resonant (NR) four-wave mixing (FWM) signal
from other molecules (Fig, 1C), or even from
the same molecules, because of contributions
from multiple off~resonant vibrational modes
and the mstantancous electronic response. This
unwanted NR FWM is often much stronger
than the resonant signal because there are
usually many more background molecules than
targel molecules. Fluctuations of the MR back-
ground can, and frequently do, complecly
wash out the CARS signature (4). A varicty
of methods, including polanzation-sensitive
techniques (3) and heterodyne (6, 7) and inter-
terometric (8- /f) schemes, have been devel-
oped 1o increase the signal-to-back ground ratio.
However, these methods do not work well in
the presence of strong multiphe scattering in
rough samples because scaltering randomizes

Ynstitute for Quantum Studies and Departments of Physics
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Station, TH 77843, USA. :ﬁppﬁed Physics and Materials
Science Group, Engineerng Quadrangle, Princeton Uni-
versity, Princeton, N] 08544, USA

*To whom correspondence should be addressed. E-mail:
dmip@neo.tamu.edu
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spoectral phases and polanzation. For this reason,
applications of CARS for rapid detection and
recognition of strongly scattering media, such
as anthrax spores, have often been deemed
impractical.

In our recent work, we have developed ech-
niques for maximizing the cohorent molecular
oscillation and minimizing the NR background.
A sequence of femtosecond pulses is used so
that pulses | and 2 prepare a coherent molecular

vibiration {comesponding 1o a panicular mode of

oscillation ) and a third tme-delayved probe pulse
15 scattered ofl’ of the oscillation, vielding the
anti-Stokes signal. By delaying the third pulse
relative 1o the first two, the NR FWM signal is
climinaied. The combination of shaped prepar-
tion pulses and an ulrashort time-delaved probe
pulse maximizes the signal and lessens the
background contribution. We call this approach
femtosecond adaplive spectroscopic technique
via CARS (FAST-CARS) (/2). The definitive
fingerprint information is retrieved from the
probe-delay dependence, but the delay wning
slows down the acquisition and makes the tech-
nique vulnerable to Muctuations.

molecule and 50 is a

c
1 Al %
0
background molecule,

(A) Incoherent Raman 1 2
scattering (pulse 2) was b
derived from laser pulse

1 scattering off of the CO
molecule. (B) CARS signal A
4 was derived from probe

Fig. 1. Llevel diagram
and schematic of different
scattering processes on
simple molecules. In this
example, CO 15 a target

e 1

My,

REPORTS

In the presemt work, we used ultmshon
(=30 15) transform-limited pulses | and 2 for
uniform broadband Raman excitation and a
talored narmowband (several hundred  femito-
second long) probe. We used a multichannel de-
tector o simultancously record the anti-Stokes
signal at all optical frequencies within the band
of interest, These modifications allowed us 1o
discriminate between the resonant contribution
and the NR background, as is explained below,
and to extrct the CARS signal even at zero
probe delay. Furthermore, combining this meth-
od with the probe-pulse delay provided a means
to suppress the interfering FWM and associmed
noise,

This combination of broadband preparation
and frequency-resolved multichannel sequisition
(/3 16) with nme-delayed narmowband probimg
yields a very sensitive and robust technique that
allows us to identily bacterial endospores, such
as anthrax, i real tme. We neler 1o this tech-
nigue as hybrid CARS for shon. and we used it
to study the Raman signature of endospores,
which is dominated by the contribution from the
dipicolinic acid (DPA) molecules.

In order to provide better insight inlo the
advantages of the proposed scheme, we revicw
here o few imporant aspects of the theory
behind CARS, which has been extensively
described elsewhere (/-3 8, I, M4, 17). In
general, the third-order polarization induced by
the pump. Stokes. and probe pulses can be split
into resonant and MR contnbutions. 11 we as-
sume that there are no one-pholon resonances
involved, the NR part can be antnbuted 1o the
instantancous  clectronic response and a sum
over the contributions from far-detuned Raman
transitions. The resonant part of the third-order
polarization is atiributed 1o the Raman transi-
tions of interest. The NR component, ;{E;. of the
nonlinear suscepiibility i usually  frequency-
insensitive within the considered spectral band
and can be weated as a constant. The resonant

3) ; ;
component  %g . under the assumption of

Llf:fl.‘l'lh!'-:i]l:qﬂl: Raman lines, can be presented as
Iil'llfil:rl ) = )_J.-IJ,I}_' Q- (o w) il
where oy and m; are the pump and Stokes laser

c 8
vy, @ | g, @ e
1 e w1 1$3¢1
AT
2 A -hh“a 2 o :;,‘k‘:!.
3|14 Al |4
112 1"12
b b..—- - .
c e
B c

pulse 3 scattering off of the CO molecular vibration, coherently prepared by pulses 1 and 2. (0 One of the
possible channels for the NR background generation in 50. ¢, the ground state of the CO molecule; b, the
target vibrational state of the CO molecule; ¢, the ground state of the background molecule; b, an off-resonant

vibrational state of the background molecule.
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frequencies, § is the summation index over all
covered Raman transitions, A is a constant ne-

lated to the spomancous Raman cross section of

the jth Raman transion and molecular density,
I; denotes the jfth Raman line half-width, €3
denotes the fth vibrational frequency (17), and
i = /1. The summation 15 held over all of the
Raman tmnsitions invelved (/7).

In the [requency domain (&), the third-
order polarization P*Yw) can be written as

P ) I’SR:HI:-ZI : Pétmll-lfl- L L1 > 15,,;1

A3}

L I T .
tr (S)]Es( @ €2) % Sp(€2), where Prg s the

! . . . (3] -
NR component of the polanzation, Pg is the
resonan component, Eilm) is the spectral am-
plitude of the probe pulse, and 5:(0) =

.
J.u dof £y (o) ES (o
of the pump and Stokes lield amplitudes, £y (o)
and £ m). The signal arsing from the nonlincar
response of the medium s proportional o
PO @) 2, so the spectma generally have com-
plex shapes caused by the interference between
both resonant contributions from different vibra-
tional modes and the NR background. A straight-
forward analogy with the spontancous Raman
spectra can be made only For well-separated lines
with no NR background, Otherwise, the direa fn
of the recorded CARS spectrum is required for
Raman spectrum retrieval (/8.

The convolution of the pump and Stokes
spectra, 85y2(£2), enters the two parts of the third-
onder polarization on equal grounds. [t defines a
Raman frequency band covered by the prepara-
tion pulses and 15 maximized lor ranstorm-
limited ones: e, pulses with the constant
spectral phase. The difference between the two
contnbutions comes from the susceptibility and
can be enhanced by the use of a properly shaped
probe. One way (o proceed is o modify the
speciral phase of the probe pulse, as it was
demonstmted by Oron of all (9) Another way,
which seems 10 be more robust and straight-
forward, is 1w shape its speciral amplitude,
Eylw)l, as we did in our expenment. I a
narrowband probe is applied together with
the broadband transform-limited preparation
pulses, the NR contribution inherits a smooth,
featureless profile of 5j2(£2) with some char-
actenstc width Amga, whercas the resonant
part generates a set of narrow peaks (one for
cach excited vibrational mode) whose width
is determined cither by the Raman linewidih
or the probe spectral width, Aws, whichever is
Creater.

The amplilude ratio between the resonant
signal and the NR background at a Raman-
shifted Fequency is also affected by the spectral
width of the probe pulse. Al the zero probe delay,
the ratio s inversely proportional 1o the square
of the probe spectral width when the last one s
in between the Raman [mewidth and the width
of the pump-Swokes convolution prodile (e,
I << Ay << Az and the probe-pulse en-
ergy is lixed. This ratio satrates at the limits

£} is the convolution
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and leads to a superior but finite signal-to-
background ratio for the optimum probe width on
the onder of the Raman linewidth.

The present maasurement strtegy combines
the benefits of frequency-resolved CARS signal
discrimination against the NR FWM (pointed out
above) with the NR background suppression {as
in time-resolved CARS [(19-22) and references
therein]}. Indeed, when the probe delay 15 ad-
justable, futher optimization is possible, In the
plane of two parameters (the probe-pulse dura-
tion and its delav), the resonant response peaks
for both parameters on the order of the inverse
Raman linewidith, However, the NR FWM at the
Raman-shifted frequency s maximized for zomo
probe delay, and the probe-pulse duration s
matched o the ume span ol the pump-Swokes
convolution profile.

@ & &
= B =

CARS wavelength (nm)
o

As mentioned above, we can eliminate the
NR background by just delaying the probe pulse,
which gives a theoretically unlimited signal-to-
background ratio. Unfortunately, this approach
does not properdy optimize the resonant contri-
bution, and we can end up with no detectable
signal at all. We suggest the simultancous use of
the two parameters (the probe-pulse duration and
its delay) to achieve close-to-optimal resonant
response with reasonable suppression of the NR
background. The actual optimal values of the
pammeters depend on the Raman linewidih, the
sensitivity of the setup used, and the relative
strength of the resonant and NR susceptibilitics,

Proper tloring of the probe pulse can help o
mweduce the conmbution of the NR backzround for
probe delays comparable o the pulse lenagth. For
example, a rectangular-like spectum givies a sine-

2-1012-21012-2-1012-2101 2
Probe pulse delay (ps)

Fig. 2. CARS spectrograms recorded on NaDPA powder at different pump wavelengths. The CARS
spectrum is shown as a function of the probe-pulse delay for the pump wavelength 2, = 712, 722,
732, and 742 nm, respectively (left to right). The other parameters are: pump, full width at half
maximum (FWHM) ~12 nm, 2 ] per pulse; Stokes, 4, = 803 nm, FWHM ~32 nm, 3.9 u] per pulse;
probe, &3 = 577.9 nm, FWHM ~0.7 nm, 0.5 p] per pulse. The integration time was 1 s per probe-

delay step. 1E4 = 1 x 10°,

Fig. 3. Crosssectionsofthe A 18000
CARS spectrograms from
Fig. 2 for two probe delays, <= 12000

(A)Opsand B) 1S ps. The 3

1

|

|
wavelengths within the ob- Eﬂm;
served range were trans- 4000/
ferred into the Raman shift, |
relative to the probe central o—-

frequency. The integration
time was 1 = 0.5 5 for the
signal and 0.5 s for the back-

ground acquired for the de- 3000
layed Stokes pulse. The !
absolute frequencies of the m:
Raman transitions in NaDPA, 1000

observed in the CARS ex-
periment and spontaneous
Raman measurements, are
summarized in Table 1. CCD,
charge-coupled device.
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squaned  tenporal profile of the probe-pulbse in_|—
tensity, which goes as sinf Mt/ 2 )/ (et /2)]°
with the time ¢. Putting the preparation pulscs
in one of its nodes would result in the effcctive
suppression of the NR background.

We compromise between the resolution, sig-
nal strength, and the extent of the NR background
suppression. On a single-shot basis, the speetml
resolution is usually determined by the probe
bandwidth. However, this is not an intrinsic limit,
and much betier resolution can be achieved by
recording the ami-Stokes spectrum while varying
the probe-pulse delay, il the measurements are
not overwhelmed by the luctumions,

As mentioned above, we applicd the devel-
oped techmique e the comext of the spore de-
tection problem. A marker molecule for bactenal
spores is caleium dipicolinate (CaDPA), which
accounts for 10 o 17% of the bacterial spore dry
weight (J2) We focus here on NaDPA, which is
casicr 10 make and s a good surrogate for
CaDPA. The spontancous Raman spectum of
NaDPA exhibits a similar set of strong Raman
lings as that of CaDPA. Both differ somewhat
from the Raman spectrum of DPA itsell” (23).
The important point is that although endospores
are laidy complex in structure, their Raman
spectra are dominated by several  vibrational
modes of CaDPA,

The details on our implementation of the hy-
brid CARS technique and the sctup schematics
can be found online (24). The CARS spectra of
NaDPA powder as a function of the probe-pulse
delay are shown in Fig. 2. The spectrograms were
taken at different pump wavelengihs 1o cover the
whole spectral-lingemprint region of the molecule
(300w 1700 li.‘l'l1_r}. Streaklike horizomal lines are
the signature of excited NaDPA Raman transi-

: P R
_?.12nm ,""ﬂ\/‘ ‘
81 VT
E _".L“'l‘_..ﬁ__\_/"\.\f I'in"- AA—
. A1 A |

3000 1200 1400 1600 1800
Raman shift (cm™)

Fig. 4. CARS on B. subtilis spores at zero probe
delay. The resonant contribution was retrieved by
fitting the NR background with a smoath curve and
subtracting it from the total acquired signal. The
sample used was a pullet of spores fixed in a
rotating sample holder. The pump wavelength, .4,
was varied from 712 to 742 nm. Other parameters
were the same as those for Fig. 2. The integration
time was 2 min. The comparisons between the
retrieved Raman frequencies and the available
spontaneous Raman data are given in Table 1.

tions, The broadband pedestal is the NR back-
pround. As expecied, the wning of the pump
wavelength spectrally shitts the NR FWM but
leaves the position of the resonant lines untouched,
Also, the resonant and NR contributions exhibit
differcnt dependencies on the probe delay. The
magnitude of the NR backeground s determined
by the overdap of'the three laser pulscs and follows
the probe-pulse profile. However, a refatively long
decay time of the Raman transitions under con-
sideration favors their long-lasting presence and
makes them stand out when the probe is delayed,

The cross sections of the spectrograms al
two different probe delays are given in Fig, 3.
The imegration time foreach ofthosc is only | 5,
When the three pulses are overlapped (zero
delay), the resonamt contnbution is severcly dis-
torted by the imerference with the NR FWM.
Delaving the probe by 1.5 ps—that is, putting
the preparation pulses into the first node ol the
sinc-shaped probe pulse —improves the signal-
to-background rtio by at least one order of
magnitude, In this case, the NR background
suppression is limited by multiple scattering that
scrambles the timing between the preparation
and probe photons,

The absolute frequencies of the observed
Raman transitions caleulated from the retrieved
peak positions and the probe wavelength are
summarized in Table |, Comparison with the
data from spontancous Raman measurcments
shows a remarkably good match.

Extracted CARS contributions from our [irst
measurements on Bacilfus subtilis spores (a sur-

REPORTS

rogate for anthrax), in which we maximized the
signal rather than the signal-to-background ratio,
are summanzed i Fig. 4. The Raman peaks are
not nomalized on the strength of the excitation
and thus have an imprint of the pump-Stokes
spectral convelution  function, which sweeps
through the Raman hand from 800 10 1700 ¢m™
while the pump wavelength s tuned, We assign
the Raman transitions in the band (Table 1) and
compare the retieved line positions with the
known positions [rom spontancous Raman mea-
surements (23, 26). Within the estimated ex-
perimental uncertainty of 15 em ™', the values
are in good agreement. The data shown in Fig, 4
wore acquired @t zero probe delay over 2 min,
although the Faman lnes stand out from the
background even alter a few seconds of ntegra-
tion. Under similar expenimental conditions, the
signal arising from spontancous Raman scatier-
ing is weaker by a few orders of magmitude and
typically requires a longer mtegration tme than
the CARS signal.

To place the present work in context, our
approach comes [rom the superposition of two
well-known techniques developed over the past
lew decades and emploved for combustion di-
agnostics [(f, 24, 22) and references therein]
and chemically selective microscopic biological
imaging (27, 28 Mulifrequency  acquisition
has been implemented in so-called broadband or
multiplex CARS (/4-17), where together with
the multichannel detection, a combination of
namowband pump-probe and broadband Stokes
pulses is used 1o address a wide mnge of vibra-

Table 1. The observed Raman peaks and their calculated absolute frequencies for NaDPA and B.
subtilis spores, The third column lists the frequency values from spontaneous Raman measurements.

Peak CARS A Spnntanen}ls
(nm) Raman shift Raman shift
{em™) {em™)
NaDFPA poveder
529.7 1575 1572
533.5 1440 1442
534 1395 1395
540.8 1187 11489+
541.8 1153 1152+, 1157*
543.9 1082 1087
546.2 1004 1007
551.9 815 817+, 8271
B. subtilis spares
527.8 1643 16551, 1624%
529.9 1568 15721, 15814
531.2 1524 1539%
533.6 1437 14451, 1447%
535.2 1381 1395¢, 13963
§37.3 1308 1280%
539.3 1239 1245+
540.7 1191 1192%
543.9 1082
546.4 998 1001t, 10131
981¢, 1018¢
551.8 819 8221
*5ee figure 52 in (24), 1From (25), tFrom (28],
www.sciencemag.org SCIENCE WVOL 314 13 APRIL 2007
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tional frequencics. In this degenerate scheme,
the NR background has been addressed by
means of the polanzation-sensitive and interter-
ometne techmgues mentioned above,

A delayed probe has been used in time-
resolved CARS (79-22). That teclnique uscs
ultrashon pulses tor preparation and probing. lts
ultimate source of specics-specilic information
is multimode interference in the probe-delay
signal profile, generally refered o as quanium
beas (19). Time-resolved CARS climinates the
NR contibution by delaying the probe pulse,
but the technique stll remains vulnerable 1w
Nuetuations. 1 has been successlully applied 1o
polverysalline and opague solids (29) w0 ob-
serve vibmtional dephasing of single excited
Raman mnsions. However, the use of the
multimode interfercnee pattem for species recog-
nition requires the ability o record high-gquality
quanturn-beat profiles over a relatively  large
probe-delay span and therelore is challenging in
the presence of scattening and Nuctuations,

In our scheme, a generalized broadband or
multiplex CARS technique is combined with
back ground suppression by means of an optimal
sequence of coherent excitation and time-delayed
probe pulses. A schematic overview, pointing oul
the similwities and differences of the relevant
established schemes and the one introduced here,
is available online [Ngure 83 in (24)]. Inshort, we
diverze from the conventional broadband CARS
arrangement and deal with the probe and the wo
preparation pulses, pump and Stokes, separatcly.
By adjusting the probe-pulse delay and its

spectral width, we suppress the NR background,
as in ume-resolved CARS, but keep the advan-
tages of the requency-resolved multiplex CARS
spectroscopy. The experimental data demonstmte
the efficacy of the ultrfast broadband excitation
and ume-variable narrowband probing, whercas
the desenbed mplementation supports the versa-
tility of the technigue
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Designed Synthesis of 3D Covalent
Organic Frameworks

Hani M. El-lf.:.uliz-ri,.1 Joseph R. Hunt,‘ José L. l'ul«!m:ll:-:a-l:l:rrh!'-.i,I Adrien P. CAté,}
Robert E. Taylur,‘ Michael G'Keeffe,i Omar M. ?aghii‘

Three-dimensional covalent organic frameworks (30 COFs) were synthesized by targeting two nets
based on triangular and tetrahedral nodes: ctn and bor, The respective 30 COFs were synthesized
as crystalline solids by condensation reactions of tetrahedral tetral4-dihydroxyborylphenyl)
methane or tetra(4-dihydroxyborylphenylsilane and by co-condensation of triangular
2,3,6,7,10,11-hexahydroxytriphenylene, Because these materials are entirely constructed from
strong covalent bonds (C-C, C-0, C-B, and B-0), they have high thermal stabilities (400° to 500°C),
and they also have high surface areas (3472 and 4210 square meters per gram for COF-102 and
COF-103, respectively) and extremely low densities (0.17 grams per cubic centimeter).

he chemisiry of linking organic molecules

I together by means ol covalent bonds 1o
isolate crystals of discrete acro-dimensional

(0D} molecules and 1D chains (polyvimers) is well
established: however, it is undeveloped for 2D
and 3D COFs (/). COF structures that contain
light elements (B, C, N, and O) should be able 1w
combine the thermodynamic strength of covalemnt
bonds, as those found in diamonds and boron
carbides, with the functionality of organic units,
Progress in this arca has been impeded by long-
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standing practical and concepiual challenges.
First, unlike 0D and 1D systems, the insolubility
ol 2D and 3D structures precludes the use of step-
wise synthesis and makes their isolation in
crvsialline form very difficult, Second, the
number of possible structures that may result from
linking specific building-unit geometrics into 2D
or 3D extended structures 15 essentially infinite
and complicates their synthesis by design,

We recently illustrated how the first challenge
could be overcome by judiciously choosing

building blocks and using reversible condensa-
tion reactions W crystallise 2D COFs in which
organic building blocks are linked entirely by
stirong covalent bonds (21 Here we report how
the design principles ol reticular chemistry
overcome the second challenge (3): Two nets
based on the linking of tinangular and tetrahedral
shapes were selected and targeied for the
synihesis of four 3D COFs

SelfFoondensation and co-condensation reac-
tions of the rigid molecular building blocks. the
tetrabedral retral 4=dihydroxyborylpheny hmeth-
ane ( TBPM), and its silane analog ( TBPS), and
triangular hexahydroxyiriphenylene (HEHTP)
(Fig. 1, A 1w C) provided crystalline 3D COFs
(termed COF-102, COF-103, COF-105, and
COF-108). These COFs are the most porous
among orgamc maerials, and a member of this
series (COF-108) has the lowest density reponted
of any crvstalline manerial, Without our a prion
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knowledge of the expected underdving nets of
these COFs, their synthesis by design and the
solution of their stuctures from powder x-ray
diffracuon (PXRD) daa would have been
probibitively difficult.

In planning the synthesis, we chose the
tetrahedral building blocks (Fig. 1, A and B)
and the mangular unit (Fig. 1C), because they are
rigid and unlikely to deform during the assembly

action. Dehydration ractions of these units
produce triangular ByOs fngs and C30,1 rings
(Fig. 1, Dand E). Based on these building blocks,
we envisioned two Kinds of reactions in which

A X B s

cither of the tetrahedral blocks (Fig. 1, A and B)
undergoes sell-condensation or co-condensation
with the trangular unit (Fig, 1C) to give COF
structures based on nets with both tetrmhedml and
tiangular nodes (Fig. 1, D and E),

In prnciple, there are an infinite number of

possible nets that may result from linking
tetraheda with tnangles. However, our analysis
ol previous assembly reactions suggests that the
most symmetric nets are the most likely to result
in an unbiased system and that those with just
one kind of link will be prefemed and are thus the
best 1o wrget (3) In the present case of linking

Fig. 1. Representative condensation routes to 3D COFs. Boronic acids are shown as tetrahedral
building units [(A) and (B)], and a planar triangular unit (C) is also shown (polyhedron in orange
and triangle in blue, respectively), including fragments revealing the B303 (D) and the C;0.B (E)
ring connectivity in the expected linked products. These building units can be placed on the ctn (F)
and bor (G} nets, as shown in the corresponding expanded nets (H) and (1), respectively.

www.sciencemag.org  SCIENCE
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tetrahedrmal and trangular building blocks, the
only known nets meeting the above cnieria are
those with symbaols etn and bor (Fig. 1. F and G)
{4}, The nodes of the nets are thus replaced by the
molecular building units with 1etmhedmal and
mangular shapes (Fig. 1, H and 1) The use of
Agid, planar rangular units, such as B3Oy nings,
requires that rotational  freedom exist at the
tetrahedmal nodes for the 3D structures ctn and
bor 1o fonn.

We then used Cerius”™ software 10 draw the
“blueprints” for synthesis of COFs based on ¢in
and bor nets by fiting molecular building blocks
iFig. 1. A and B) on the tetrahedral nodes and
by fining the triangular unit and the B3O; ring
(Fig. 1, Cand D} on the wiangular nodes of these
nets adhenng o their respective cubie space
group symmcetaes: [43d (etn) and P43m (bor).
Encrgy minimization by means of force-field
calculations was performed to produce the mod-
els in which all bond lengths and angles were
lound 1o have chemically reasonable values (5).

Synthesis of the COFs was caried out by
suspending cither TBPM or TBPS in mesity lene
dioxane. The suspensions were placed in partially
evacuated (150 mtorr) Pyrex wibes, which were
sealed and heated (85°C) for 4 days 1o give white
erystalline COF-102 and COF-103 in 63 and 73%
yields, respectively. Similarly, co-condensation
of TBPM or TBPS with HHTP (3:4 molar mtio)
produced green erystalling solids of COF-105
(38% vield) and COF-108 (55% vield) (/). The
colors of COF-105 and COF-108 likely arise
from the possible inclusion of a small amount
of highly colored oxidized HHTP in their pores.
The use of dioxane and mesitylene in their ne-
spective ratios was necessary 10 control the solu-
bility of the saning materals and 10 maximize
crystallinity of the products.

To show that the products of synthesis are
indeed covalently linked into the designed struc-
tures, we studied the materials by PXRD, spectros-
copy. microscopy, clamental microanalvsis, and gas
adsomtion (6). A comparison of PXRD pattems of
modeled COFs 1o those observed for the products
of synthesis (Fig. 2, A 1o D) reveals that they ane
indecd the expected COFs with ctn or bor type.
The observed PXRD patterns display narrow line
widths and low signal-to-noise mtios indicative of’
the hagh erystallimity of COFs. A marked degree of
comespondence between peak positions and -
temsitics is also observed, substantiating that the H,
B. €, and O atomic composition and positions in
the respective modeled unit cells are comect. The
PXRD data of the COFs could also be indexed.
yiclding unit cell parameters nearly identical 10
those calculated from Cerius” (table $3).

To funher verfy the unit cell pammelers,
PXRD pattems were subjected 1o model-biased
Le Bail full patern decomposition to extrct the
structure factor amplitudes from the x-ray data,
For this procedure 10 be successful and yield
acceplable reliability factors, a close comespon-
dence in peak position and intensity between the
model and the experimental data is required. All
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peaks undergo some broadening because COF
crystallites have micrometer dimensions (7).
After accounting for line broadening in the initial
stages of Le Bail extractions, fitting of the
experimental profiles readily converged with
refinement of the unit cell parameter, a. Refine-
ments for all structures led, again, w0 values

A

nearly identical w those calculated from Cerius”
(table 55). Too few peaks were available 1o
perfonm full Rietveld refinement of atomic
positions and thermal parameters. Nonetheless,
a near equivalence and low uncerainty |esti-
mated 5D (able 853 between calculated and
refined cell parmmeters, in addition w the facile

Cc

and proper it of the refined profiles |as indicated
by statistically acceptable residual factors (table
S6)], support the assertion that the COF struc-
tures are indeed those identified through model-
ing {Fig. 2; atomic coordinates in tables S1 1o 54).

The covalemt linking of building blocks
through expected six-membercd B3Ol boroxine

an
A COF-102 Bam | COF-105 R
m...'"hm ||\ cor-1ez Mmoo | —
ulﬂ wﬂ'-"‘" W™ (| N ] L R - | |02
1.:“! bl o [ Model i il 824 \
A M A ", Compound M M cors
16 18 20 22 24 26 R T M ek
CPBOHL), B 1012 1416 BP0,
1z : 320 31 :
0 M WO 0 900 100 g R R EETE.]
2%y 1y expermental (bisck) and refined (red) _in'ﬂ asparimental [black | and refned (red |
..._.J I L e
4 St Y
| e e el - e i J - el L f S—
. W ap— Cesesnas® — = — Nk
| differancs plot = axparimental - refined phofiles P‘ difference plof = sxpenmental - refned profies
5 10 15 20 F3 30 3 0 5 10 15 20 25 30 35
2 |degrases) i [degrens|
B "8 MR l] D "Brum |
| Cor-109 i COF-108
1 an = =\ m}ﬂ'-‘ = f
“o o r\li COF-103 o pnan G108
| et PPN L0 'if,q sepst o Lo
= "I:I- Cormpound |J COF-4
18 18 20 22 s || Zm e 10 12 14 16 18 20 P [ e
| SPRBOH)), L |
m - b
) N'F pr. oY m m}l
m"“'m;r euprimeertad (Eiach | atd refred (ed| v g g0 waparimantal (bisch | s elred (ed) e
_.J - N W6 we @ 400 200 - e | 300 100 © -100 -200
| i esing spen e TR s '
B VY (Y ot o
= T =T T N A -
| diflermnce piol = geperrnental - refired probies } diftermece piod = sspernental - refired profiles
5 10 15 20 25 30 35 [1] 5 10 15 20 25 30 35
e (degrees| 2 |degreen)

Fig. 2. Observed (experimentall and refined PXRD profiles for evacuated
samples of COF-102 (A), COF-103 (B), COF-105 (C), and COF-108 (D),
including patterns calculated with the use of Cerius?, with observed profiles in
black, refined profiles in red, calculated patterns in blue, and the difference plot

{observed minus refined profiles) in turquoise, 20, Bragg angle in degrees. (Left
insets) Expansion of observed PXRD profiles. (Right insets) '8 MQ MAS NMR
spectra (in parts per million) of COF (top trace), model compound (middle trace),
and boronic acid (bottom trace} used to construct the corresponding COF.

Fig. 3. Atomic connectivity and structure of crystalline
products of COF-102 (A), COF-105 (B), and COF-108
(€}, based on PXRD and modeling. Hydrogen atoms are
omitted for clarity. Carbon, boren, and oxygen atoms are represented as gray, orange, and red
spheres, respectively.

COF-105
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or five-membered C>05B boronate ester rings in
the COFs was asscssod with Fourter tansform
mimred (FTIR) and muluple-quantum magic
angle spinning nuclear magnetic resonance
(MO MAS NMR) spectroscopics. FTIR spectra
of all COFs conain sirongly attenuated  bands
arising from boronic acid hydroxyl groups
indicative of successful condensation of the
reactants (figs, S 14 1o S17), COFs preparced from
sell=condensation reactions all exhibit the diag-
nostic band at 710 em™ for the out-ol-plane
deformation mode of boroxine rings. Co-
condensed COF-105 and COF-108  products
have strong C-0 streiching bands at 1243 em !
(COF-105) and 1253 em ' (COF-108), signals
that are distinctive for boronate ester five-
membered rings (6),

These FTIR spectroscopy data are lingemprints
tor the expected boron-containing rings: however,
solidstate "B MQ MAS NMR spectroscopy is
highly sensiive 10 the immediate bonding en-
vironment of boron. Any differences in B-C and
B-O distances andlor angles will result in a
notable change in the line shape and intensity of
the spectra. The acquirad ''"B MQ MAS NMR
spectm for evacuated COFs were compared o
those of molecular model compounds and starting
miaterials (Fig. 2. Ao D, dght insets). The spectra
of al of the COFs are coincident to those of the
model compounds and are differemt from the
starting maierials. Thus, the boron-containing
units in all the COFs have not only formed bt
are well-formed BO; and Co0.B nngs. Addi-
tionally, data from "C and **Si MQ MAS NMR
expenments show the presence of the expectad
number and enwironmenm of ecach type of
respective nucleus, (urther substantiming  the
structural assignments (figs. S18 10 838).

In order 10 csiablish the phase purity and
synthetic reproducibility of the COF matenals,
multiple samples were exhauvstively imaged with
scanning electron microscopy (SEM). The SEM
images of COF-102 and COF-103 revealed

agglomerated and nonagglomerated 1- to 24um-
diameter spheres, respectively (figs. 539 and
5400, This mophology 5 likely caused by a
polar hydroxylated (-OH) surface that causcs
sphencal envstal growth o minimize interfacial
swrtace energy with the relatively  nonpolar
solvem media. The SEM immages recorded for
COF-105 and COF-108 revealed S-um platclets
and 3 10 d-pm imegular spheres, respeetively
(figs. S41 and 542), For cach of the COFs, only
one morphology was observed, negating the
presence of impurity phases.  Funhenmore, C
and M elemental microanalysis confirmed that
the composition of each COF corresponded 10
formulations predicted from modeling (6),

The denved structures for COF-102, COF-
103, and COF- 108 are shown m Fig, 3 (COF-103
has a tetrahedral Sireplacing C, and 11s structure
is virtually identical 1o that of COF-102). COF-
102 (Fig. 3A), COF-103, and COF- 105 (Fig. 3B)
are based on e, and COF-108 (Fig. 30C) s based
on bor. It is hard 10 assess why one of the two
structure tvpes would be preferred over the other.
However it is a notable conlirmation of our orig-
inal thesis that we find one or the other of the two
structures. The only notable dilferences between
the two structure types are that bor is about 153%
less dense than otn (compare the densities of
COF-105 and COF-108) and has larger pores.
The three-coordinated vertices in both struc-
tures are constrained 1o be planar with threefold
svmmetry, bul the point symmetry at the tetra-
hedml site in et is only a subgroup (4 = 84) of
that at the tetmbedral site in bor (dm2 = D)
this difference gives etn less constrmints and po-
tentially makes it a more strain-free siructure
than bor.

It 15 also of interest to consider the pore sizes.
In the COFs with the em structure, the center of
the largest cavity in COF-102, COF-103, and
COF-105 is 566, 598, and 10.37 A, respective-
Iy, from the nearest atoms (M) 15 we allow for a
van der Waals radivs of 1.2 A for H, spheres of

REPORTS

diameter 8.9, 9.6, and 183 A, respectively, are
avalable in these three COFs, However, the
pores i these matenals are far from sphencal,
and we expect the cffective pore siee W be
somewhat larger, COF-108 has two cavitics, and
the atoms closest o the centerare C aoms at 9,34
and 1546 A, If we allow for a van der Waals
rdius of 1.7 A for C, these cavities can
accommaodate spheres of 152 and 29.6 A,
respectively. It may be scen than the larger pores
are well above the lower limiat (20 A) for the
material W be desenbed as mesoporous, and
COF-108 is a mre example of a fully erystalline
mcsoporous materal,

An important feature of 3D COFs 15 the {ull
accessibility from witlun the pores 1o all the edges
and faces of the molecular units wsed 1o construct
the framework. A previous study found that
maximizng the number of edges arising from
aromatic rings in a porous matenal merciecs the
number of adsorption siles and surace area (X).
Porous zcolites, carbons, and metal-organic
frameworks (MOFs) all contain latent odges in
their structures; however, the structures of COFs
contain no latent edges, and the entire framework
is a surface replete with binding sites for gas
adsomtion. The structures also have extraodinar-
ily low densitics: COF-102 (0.41 g em ™), COF-
103 (0,38 g em ), COF-105 (0,18 g em ), and
COF-108 (0.17 g em ™). The last two values are
markedly lower than those of highly porous
MOFs such as MOF-5 (0,59 g em™) (%) and
MOF-177 (0.42 g em ) (&) and are the lowest
density erystals Known (10) | compare these values
with the density of diamonds (3.50 g em ™)),

The low densities coupled with the maxi-
mized fraction of surface sies in 3D COFs
naturally impan their exceptional  porositics,
which were shown in gas adsorption studics on
evacuaicd samples of COF-102 and COF-103.
Samples of “as synthesieed”™ COF-102 and COF-
103 were immersed in anhydrous tetrahyvdro-
furan o remove solvent and  starting materials
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Fig. 4. Argon gas adsorption isotherms for COF-102 (A) and COF-103 (B) measured at 87 K and pore size histograms (insets) calculated after fitting
DFT models to gas adsorption data. STP, standard temperature and pressure.
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included in the pores duning synthesis and were
then placed under dynamic vacuum conditions
(10 * o) for 12 hours at 60°C to completely
evacuate the pores (6). Thermogray mmeinic analy-
sis confimmed that all of the guests were emoved
Troam the pores and revealed the thenmal stability of
all COFs beyond 450°C (ligs, S43 and 546),
Arzon sothenns for COF-102 and COF-103 were
recorded at 87 K from O 1o 760 1o (Fig, 4, A and
B), COF-102 and COF-103 exhibit a clissic pe |
isotherm characterized by a shamp uptake at the
low-pressure region between PP, = 1 = 107 10
1 = 107, where P is gos pressure and Py is sal-
uration pressure, The apparent surface ancas calcu-
laied from the Brunaver-Emmeti-Teller (BET)
model were 3472 and 4210 m® ¢! for COF-102
and COF-103, respectvely. The pore volume deter-
mined from the Dubinin-Radushkevich equation
aftorded values of 1.35 em® g ! (COF-102) and
1.66 cm® g 7' (COF-103). The BET surfice arcas
of COFs exceed porous carbons (2400 m?* g7
(1), silicates (1300 m® g ') 12), recently reported
2D COFs (1590 m® g ') (2), polymers of intrinsic
microporosity (1064 m® g ') (/13), and polymer
resins (2090 m® g ') (/4) and are comparable 1o
some ol the highest surlace arcas of MOFs
[MOF-177 (4500 m* g '} () and MIL-101
(4100 m* gy (/5) (MIL. Matérial Institut
Lavoisier)]. Caleulation of pore size oblained
from appropriately  fing density  funetional
theory (DFT) models to the isotherms (s, S48

and 552) yielded pore size distributions of
COF-102 {(11.5 A) (Fig. 4A, inset) and COF-
103 (12,5 A (Fig. 4B, mset) (16). Narmow dis-
tributions arc obtamed and arc centercd @ values
close 1o the pore diameters obtained from the
crystal structures,

At the outset of this study, crystallization of
3D COFs (such as cross-linked polvimers) was
believed 0 be diflicult, if not impossible, 10
achieve for both thermodynamic and Kinetic
reasons, This report demonstrates that this chal-
lenge can be met by striking a balance between
these two competing {actors and that the
principles of reticular chemistry provide the basis
for design and structure solution of the result-
ing materials,
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Direct Detection of the Asteroidal

YORP Effect

Stephen C. Lowry,™ Alan Fitzsimmons,” Petr Pravec,” David Vokrouhlicky,?
Hermann Boehnhardt,® Patrick A. ‘n|1||'lc|r,5 Jean-Luc MargaLS Adrian Galad,®

Mike Irwin,” Jonathan Irwin,” Peter Kusnirdk?

The Yarkovsky-0'Keefe-Radzievskii-Paddack (YORP) effect is believed to alter the spin states of
small bodies in the solar system. However, evidence for the effect has so far been indirect. We
report precise optical photometric observations of a small near-Earth asteroid, (54509) 2000 PHS,
acquired over 4 years. We found that the asteroid has been continuously increasing its rotation rate
o over this period by de/dt = 2.0 (£0.2) x 10~ degrees per day squared, We simulated the
asteroid’s close Earth approaches from 2001 to 2005, showing that gravitational torques cannot
explain the observed spin rate increase. Dynamical simulations suggest that 2000 PHS may reach a
rotation period of ~20 seconds toward the end of its expected lifetime.

he Yarkovsky-0'Keefe-Radzievskii-

Paddack (YORP) ellect is a tomque that

can modify the romtion mtes and obliqui-
ties of small bodies in the solar svsteny its causes
are incident solar radiation pressure and the recoil
effect from anistropic emission ofthermal photons
(/). Several effects indicate that such a torgue, as
yet undetected, acts upon the surfaces of asteroids
and meteoroids, and the YORP effect is the only
realistic mechanism in these cases. A clear ex-
ample of a YORP-evolved system can be seen
within the Koronis asteroid family, formed by the
catastrophic collisional disruption of'a large panent
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body at least 2 hillion years ago, This event would
presumably have resulied in random spin states
for the daughter asteroids, but surprisingly, the
larger members are divided into two distinet align-
ments (2) Theoretical modeling invoked YORP
as o potential mechanism o explain the spin-
vector alignments by eventually aliering the spin
rates and obliquitics, with some asteroids be-
coming trapped in spin-orbit resonances (3).
Another likely manifestation of YORP torques

is the evolution of orbital scmimajor axes of

small members of asterold familics toward ¢x-
treme values, which is important for detenmining

their age (4). The evolving obliquity will have a
direct bearing on the evolution of semimajor axes
via Yarkovsky drift, a companion effect o YORP
that is cansed by a net force arising from emission
of thermal radiation along the body’s orbit and
was recently detected For the first time (5). YORP
is also an imporiant component in models of the
delivery of near-Earth wsteroids from the main
asterond belt, as it leads 1w a Yarkowvsky drilt,
forcing bodies into powerful perturbing orbital
resonances ().

Furthermore, there exists a distinet population
of small, very-fast-spinning asteroids known as
the monolithic fast rotators (MFRs) (7). If the
orbits of such bodies are stable over million-year
time scales. allowing YORP 1o significantly
change the rotation rate, then the effect is highly
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likely to place these asteroids into this category,
YORP could also cause small asteroids o spin up
s0 fast that they are forced o0 moph o new
shapes or even shed mass; perhaps such a pro-
gression would supersede tdal disraption and
collisions as the main fomation mechanism for
binary asteroids in the planct-crossing population
(&, 9). Conversely, YORP could act against the
rotation direction 1o reduce the spin rate, leading
to the very long motation periods (=40 days) seen

for some asteroids and possibly causing some of

them 1o tumble. Despite its importance, there

exists only indirect evidence for the presence of

YORP on solar system objects,

Although the obliquity effect is 100 small w
be detected with ground-based or even space-
based instruments, clanges in the oaton mte
may be detected if very precise observations,
sueh as high-quality asteroid light curves, are ob-
tained over a long enough time span (M0, 1),
The snall near-Earth asteroid (34509) 2000 PHS
{herealier PHS) is one of the few known Earth
co-orbitals in a near 11 mean-motion resonance
with Earth. The charactenstics of its horseshoe
orbit resull in perodic close Earth approaches,
roughly every July and August, making it a
good target for regular monitoring over vearly
time seales, Here, we present results from long-
term optical photometric monitoring o’ PHS
that reveal the YORP effect in action via an
observed decrease in its sidercal motation pe-
riod, which is shown in our companion paper
{(f2) to be in reasonable agreement with
theoretical predictions for the effect. In (/2),
the optical data are analyzed alongside radar
data 1o reconstruet a detailed shape model from
which the expected YORP torques can be re-
liably assessed.

With a small radar-derived mean radius ol

=37 m any stze-related YORP effect on PHS is

likely 10 be relatively high. Its fast spin period of

12,17 min makes it a very practical targel for ob-
servations from Eanh-based 1elescopes, because
full and consccutive nights of observation ane not
required for accurpie period determination. In 2
hours we could cominuously sample the light
curve over =10 full revolutions, more  than
adequate for our purposes. This small stz and
fwst rotation puts PHS o the MFR asteroid
group, s0 YORP may have been sigmblicantly
affecting 1ts spin mte for some ume, and 0 is

Table 1. Evolution of the sidereal rotation period.
There is partial overlap between successive data
groups; however, the PAB corrections are per-
formed on each biannual data group indepen-
dently (13).

‘4 ;
Date range of data group Sideveal pariod

{hours)*
28 Jul 200127 Jul 2002 0.20290046
27 Jul 2002-27 Aug 2003 0.20290020
29 Jul 2003-11 Sep 2004 0.20289985
12 Aug 2004-31 Aug 2005 0.20289941

*1g uncertainties are 107" hours.
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reasonable 1o assume that i s still susceptible o
YORP torques,

Our optical monitonng campaign began in
2001 and spannad ~4 vears, with many obscry-
atories from varous counties contributing tele-
scope time. Because of the close approaches of
PHS, the apparemt brightness ol the asteroid as

Fig. 1. Light curve data from the
2002-2003 data group, folded to
the best-fit sidereal period of
0.20290020 hours. The fortuitous
near-constant viewing geometry
throughout the observations ensured
that the shape and amplitude var-
iations in the light curve were small
from one night to the next.

oo

REPORTS

seen from Earth changed considembly over time
scales of dayvs to weeks, Therefore, as the inte-
gration time was restricted to 3 s to avold rota-

tenal smearmg ol the light curve, a range of

optical telescope apentures (0.65 10 8.2 m) was
required to reach the desired signal-to-noise mtio
in this tme, The asteroid’s rotational signature

2002-2003 '

04 e 1] oa
Rotatonal Phase

Fig. 2. Observed YORP effect on
asteroid (54509) 2000 PH5. The
sidereal rotation period P is stead-
ily decreasing. For a solid YORP
detection it is very important to
confirm the existence of a trend,
hence the need for repeated
measurements over subsequent
years. A linear trend & seen in
JP.IrPn = (P - PI)'HPD Versus tirnE'-
where Py = 730.440756 5 (i.e., the

ax® b

20 |

APIP,
(=1

Za0®

YORP acceleration (Taylor et al) —
- Observed Gpin rate (s wok) =

----------------------------------------------------

nominal value from the 2002- 410
2003 data group). Solid symbaols
represent the observed period 2001

change (the formal 1o uncertainty
on the period is smaller than the

2003 2004

Year

2002

plotted data points). The solid curve is a theoretical prediction for YORP strength computed from different
shape variants of the asteroid and recalibrated by a factor of 0.16 to 0.38, as discussed in (12). Open
circles (with 1o uncertainties) indicate the expected change of P during annual close encaunters with
Earth (arbitrarily offset for clarity), which is negligible relative to the observed period change.
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Fig. 3. Future orbital and spin evolution of asteroid (54509) 2000 PHS from numerical

integrations. Left: Number of surviving particles (right ordinate, curve 1) and median inclination /

(left ordinate, curve 2) versus time. Right: Distribution of rotation period P values for the surviving
particles after 1 My (93% of the population survivingl, 5.5 My (75% surviving), 14.8 My (50%
surviving), and 35 My (25% surviving). The spin-axis obliquity rarely drops below ~1257, and so
YORP continues to increase the particle’s rotation rate.
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was extracted from cach individual imaging data
set (f3), and the resulting light curves were
grouped according to date; all the 2001 and 2002
hght curves were taken together, then all the
2002-2003, 20032004, and 20042005 data,
50 that cach data set had a 1-vear time base. To
find changes in the sidercal period, we shifted
the observation times of the data points within
cach combined sct by the established phase
angle bisector (PAB) approximation (13, [4),
which requires knowledge of the spin-axis
onentation. Using a combination of radar data
and our optical light curves, Taylor er af, (12)

report that the pole position resides within 10°F of

(1807, 8537 in echiptic coordinates (J2000),

Founer analysis of the light curve modulation
was then paformed separately for cach nme-
comectad data group (3} 10 detenmine the yearly
averaged sidercal rotation periods (Table 1) The
light curve amplitude changed linde within any
data set because of the nearly constant aspect
angle of the asteroid throughout the observations.
As a result of the asteroid’s shape, there was also
a pronounced asyvmmetry in the light curve that
ultimately allowed unambiguous phasing of the
data (Fig. 1) Sidercal rotation periods P were
determined from 2001 10 2005 and were seen o
decrease at a linear rate, with a fmctional change
of 1.7 = 107 (£0°) per vear: that is, the asteroid
has boen increasing its rodation rate o over these 4
yviears by dwldr = 2.0 (20.2) = 10 4 degrees day 2
iFig. 2). This result was confinned from analysis
of the combined light curve and radar data in
(12). Detailed dynamical simulations that used
the shape model in (12) were performed that
reproduced the close Earth approachies from 2001
to 2005, from which we can mle out Earth-tug
elfects as a potential mechanism for the observed
sidercal-peniod decrease (Fig. 2) ( £3). Moreover,
there is no reason Tor Earth tuges to be coherent, so
uncomelaed positive and negative shifts in spin
rate are possible in subsequent vears. The

casonable agreement between observations and
YORP simulations (/2) and the fact that plan-
clary ugs cannot account for the observed efiect
lcaves YORP as the only viable cause.

The fast rotation of PHS could imply that this
asteroid underwent significant YORP evolution
im the past. Indeed. its obliquity ncar 180°
supports this idea because it s near one of the
asvmpiotic YORP regimes (/1. 15) Our nesult
sugeests that 1t would wke ~350,000 years for
YORP 10 double the rotation rate of PHS in the
tuture, From this value we may expect that YORP
will cause structural changes, mass shedding, or
even fission of this object al some point in the
futare, depending on its internal strength. To
investigate this possibility, we ran a simulation
that numerically propagated the orbit of PHS and
999 close clones (/3), We found a median
dynamical lifctime before particle removal from

the simulation, by solar or planctary impacts, of

~15 million years (My), a surprisingly long time
scale (Fig. 3). The longest-lived clones of PH3
(about 6% ) survived 100 My ol orbital evolution,

13 APRIL 2007 VOL 316 SCIENCE

In a sccond step. we numerically integrated the

secular evolution of the spin state for cach of

these 1O particles along thewr precise orbits
{13}, with the YORP strength set to our observed
value, At 35 My, when 25% of the onginal clone
population remained, the median rotation period
was 19 s with a lowest extreme of 3 s (Fig. 3).
Cur observational calibration of the YORP ef-
fect, in conjunction with orbial and spin integra-
tions, demonstrates that asteroids ke PHS can
attain extremely st motation mtes, Our work also

implies the possible existence of a population of

100-m asteroids with rotation perinds of -0 5,
significantly faster than the most mpidly moating
asteroid of this stze, 2000 WHI0 with P~ 805 (/6).
Light curve observations 1o date ane blased against
the detection of such shon penods, and hence the
number of such bodies is unconstraned al present.
17 no such objects are found, then the most likely
explanation is eventual significant mass shedding or
rotatonal fission belore they reach this value of 2

References and Notes
1. D. P. Rubincam, fcavus 148, 2 {2000}
2. 5 ML Slivan, Noture 419, 49 (2002).
3. D. Vokrouhlicky, D. Mesvorny, W. F. Bottke, Nature 425,
147 (2003).
4. D. Vokrouhlicky, M. Broz, W. F. Bottke, D. Nesvorny,
A Morbidelli, Jeorus 182, 118 (2006).
5. 5 R. Chesley et ol., Science 302, 1739 (2003).
. A Morbidelli, D. Viokrouhlicky, fcorus 163, 120 (2003),
. P. Pravec, A, W. Harris, T. Michalowski, in Asteroids i,
W. F. Battke, A, Celling, P. Paolicchi, R. Binzel, Eds.
Wniv, of Arzona Press, Tucson, AZ, 2002), pp. 113-122,
8. W. F. Battke, D. Vokrouhlicky, D. P, Rubincam, M, Braz,
in Asteroids Iff, W. F. Botike, A. Cellino, P. Paclicchi,
R. Binzel, Eds. (Univ. of Arirona Press, Tucson, AZ, 2002},
pp. 395=408.

9. W, F, Bottke, D. Vokrouhlicky, D. P. Rubincam,
D. Nesvomy, Annu. Rev. Eorth Plonet. Sci. 34, 157
{2006).

10. 0. Vokrouhlicky, D. Capek, M. Kaasalainen, 5. |. Ostra,
Astron, Astrophys, 414, 121 (2004),

11. D. Capek, D. Vokrouhlicky, foorus 172, 526 (2004).

12. P A Taylor et ol, Scence 316, 274 (2007); published
online 8 March 2007 (10.112&/5cience, 1139038).

13. See supporting materal on Science Cnline.

14. R C Taylor, in Asteraids, 1. Gehrels, Ed. (Univ. of Arizona
Press, Tucson, AZ, 1979), pp. 480-493.

15. 0. Vekrouhlicky, D. Capek, Jearus 159, 449 (2002).

16. R | Whiteley, C. W, Hergenrother, D. |, Tholen,

Proc. ACM 2002, 473 (2002).

17. We thank all the staff af the observatories involved in this
study for their support. This work was based on
observations al the following abservatores: ESD, Chile
(ADs 271L.C-5023 and 073.C-0137); Ondrejov
Observatory, Crech Republic {grant A3003204) Centro
Astrondmico Hispano Alemdn {Calar Alto, Spain);
Liverpool Telescope, La Palma (Canary kslands, Spain);
Isaac Newton Group, La Palma; and Faulkes Telescope
Morth (Maui, Hawail. We also thank the referees for their
helplul reviews. Supporied by the Leverhulme Trus
(5.CL.), the UK Particle Physics and Astronomy Research
Council (AF.), the Grant Agency of the Crech Republic
(PP, and DV, NASA grant NNGO4GN31G (PAT. and
J.-LM}, and Slovak Grant Agency for Science VEGA grant
V307406 (AG.). This work made use of the NASAJRL
HORIZONS ephemeris-generating program.,

Supperting Online Material
m.zimﬁug.nrg.fcgi.f:mlpn'h'full.l'llimlﬂm{l
Materials and Methods

Fig. 51

Tables 51 and 52

References

19 December 2006; accepted 23 February 2007
Fublished onlme 8 March 2007;
10.1126/science, 1139040

Include this information when citing this paper.

Spin Rate of Asteroid (54509) 2000 PH5
Increasing Due to the YORP Effect

Patrick A. Ta',rtur,l* Jean-Luc Margnt,’" David ‘.lFi:lJim:lnuhliacltg,fl,z Daniel }. Scheeres,?
Petr Pravec,* Stephen C. anry,i Alan Fitzsimmons,® Michael C. Nolan,® Steven ). Ostro,’
Lance A. M. Benner,” Jon D. Giorgini,’ Christopher Magri'

Radar and optical observations reveal that the continuous increase in the spin rate of near-Earth
asteroid (54509) 2000 PH5 can be attributed to the Yarkovsky-0'Keefe-Radzievskii-Paddack
(YORP) effect, a torque due to sunlight. The change in spin rate is in reasonable agreement with
theoretical predictions for the YORP acceleration of a body with the radar-determined size, shape,
and spin state of 2000 PHS5. The detection of asteroid spin-up supports the YORF effect as an
explanation for the anomalous distribution of spin rates for asteroids under 10 kilometers in

diameter and as a binary formation mechanism.

heory predicts an evolution of the spin

I state of a small solar system body as a
result of the absorption and asymmetric
re-emission of sunlight, the so-called YORP ef-
fect. The resultant radiation torques are thought
to realign the spin vector while changing the
spin rate of the object (/). Lowry ¢ al (2)
report an increase in the spin rte of 2000 PHA.
Here we present, with radar and optical obser-
vations and modeling of 2000 PHS, the best

evidence to date that the YORP eflcet is respon-
sible Tor changing the spin rate of an astenoid,
For objects with finite thenmal conductivity,
especially fst-rotming asteroids <1 km in diam-
eter that lack regolith, YORP wrques end 1o force
the spin vector 1o 07 or 1807 obliquity (parallel or
antiparallel to the orbit nonmal) and cause the spin
mile o inerease or decrease with equal probability
.3y on time scales proportional to the square of the
diameter 22 (1), Therefore, YORP may cxplain
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the observed excess of slow and rapid rotators
1F km in diameter (). Con-
tinuous spi-up by the YORP effect could nesult

among asteroids

1 a bmary system from the shedding of nass as
centnfugal forees overcome sell-gravity and
intemal strength. Thus, along with spin-up from
close planctary encounters (5-8) and subcata-
strophic collisional Nssion (Y), the YORP eflieet
miay be responsible for producing a fmction of the
near-Eanh asteroid binary systems ( £4),
Near-Earth (34300 2000 PHS,

hereafier referred w0 as PHS, was discovered

asteroid

|1_\ the Massachusetts Institute ol ig'.,':'||:|l|u_;_'_\
Lincoln |.|':1n|.11m} s near-Earth asteroid search
PIOZEIT (LINEARY (M yon 3 August 200 a1 a
geocentric distance of 004 mtronomical units
(AL .00 ALL ec-
centrety ¢ L8%) (g S1)

15 one ol II-I'.|:". a handiul of ohjects known 1o be

PHS (scimimaor axis o

0.23, mchnaton ¢

co-orbital companions of Earth (/2 14). Annual
close .||‘||‘|1'|-\.1'|.|'.L'."1 from 2001 1o 20005, as close as
5 lunar distances, were conducive 1o radar obser
vatons and allow us 0 present a spin=stale de-
scription and detailed shape model (43) of PHS

We conducted rada PLIS
itable S1) using the 70-m amenna and 4300 KW,

observations o

3.5 om wavelength trnsmitter al Goldstone on
2728 July 2000 (/&) and the 305-m antenna
and X0 kW, 12,6 cm wavelength transmitter a
Arceibo on 27-28 July 2004 and 2426 July
2005, The radar echo is Doppler broadenad by the
rotation of the target (/7). and the amount of
broadening constraims the spin axis, Daily sums ol
Doppler-only speetrm (lig. 52) determine the radar
reflection propertics of PHS (1able 52), which are
similar to wemesimal planet surfaces (I8).
Range-Doppler images (/%) constramm  the
shape by resolving the mdar echo m two orthog-
onal dimensions: distance lrom the observer and
rotational Doppler shilt. High-resolution images ol
PHS from Arecibo (Fig 1.
7.5 m (005 ps) resolution reveal

lirst and fourth
columns) with
an echo 60 w 75 m deep. as well as an amray ol
leading-edee teatures: convex, linear, and concave,
as PHS rotates, Visual inspection of the range-
Doppler images sugeests a motation period of
min, consistent with light<curve observations (2).
lhe observing goometnies during the 2000 and
2004 observations, which producad the most wse-
ful imagery, allow for =75% surface coverage.
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[he limb-to-limb bandwidths of Doppler-
only spectra (20) covering a full otation of the
target produce a bandwidth curve (Hg. 53 ) whose
amplitude varation 15 due to the changing
breadih of the motaung nonsphencal target on
the sky. The mean bandwidth grows from 2001 1o

Fig. 1. Range-Doppler
images (columns 1 and 4)
obtained at Arecibo on 28
July 2004, covering one
rotation of PHS, along with
the corresponding shape
model fits to the images
(columns 2 and 5), and the
plane-of-sky views {columns
3 and &) of PHS during the
observations, Each 180-m
by 180-m frame is separated
by ~15° in rotation phase.
Radar illumination is from
the top of the frame. Range
increases from top to
bottom, and Doppler fre-
quency increases from left
to right; therefore, the rota-
tion of the target appears
counterclockwise. Time in-
creases down the left side,
then down the right side.
The arrow through the
plane-of-sky frames indi-
cates the spin vector of PHS.

Fig. 2. Additional rotation phase re-

quired to link 20 optical light curves (2) 250
from 2001 to 2005 using a shape model =
with pole (180°, —85°) fit to the 2001 & 200
light-curve data. The fitted curve is quad-

ratic in time: 0.5 u'-urz, where & is the rate § 150
of change of the spin rate and ¢ is time S
since the initial epoch of 0" UTon 27 July 2 100
2001. Phases have conservative uncer- =
tainties of 10° because of their § 50
dependence on the exact shape and ori-

entation of the asteroid. o

SCIENCE VOL 316

2005, 5o the line of sight was moving away from
the spinaxs (27 ). Fits toindividual Doppler-only
spoctra from 2001, 2004, and 2005 with simple

cllipsoid and sphencal harmome shape models
(22} constrann the spin vector o e withim 107 of
837} in J2000 ecliptic coordinates at an

{18,

- 2003

i i i

0 00 1000 1500
Doys since 27 July 2001
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obliquity of 173° from the orbit normal. This
retrogmde pole is adopted for shape modeling
and translating between the observed light curve
and mtrinsic sidercal periods i the hight-curve
analysis (2). A prograde pole fits the observed
bandwidths cqually well but cannot fit bandwicdth
curves and light eurves simultancously,

A change in sidercal spin mie is necessary
to fit the rdar dma over time. However, light-
curve data alone provide a more accurate de-
termination of the required change than does
analysis of the range-Doppler imagery. To
produce initial conditions for the spin state of
our most detailed shape model, we it synthetic
light curves based on a simple sphencal hanmon-
ic shape model o the 2000 light-curve data (2),
which consist of three epochs over 24 hours, a
time frame over which the change in spin mite is
neghgible. We then include the remaining light-
curve data from 2002 10 2005 (2), allowing for
an arbitrary phase shift for cach hight curve 1w
match the phase of the shape model’s synthetic
light curves. The resulting phase shifts (Fig. 2)
necessary 1o link the light curves are well 1it by
a quadratic function in time in other words, the
spin mile is increasing linearly with time. The
use of a lincar change in the spin mie mther than
a constant spin rate yields improvement by g fac-
tor of ten in the reduced %~ value of a spherical
hammonic fit w the entire collection of light-
curve data,

For pole coordinates ol (180°, ~85%), the
sidereal spin rate necessary to fit the hight curve
data are 4258241 = 0.02 deg/day (12.17-min
period) at the initial epoch of 0° UT on 27 July
2001, and the necessary change in spin rate 15
(2.0 = 0.2) * 107 deg/day”. This determination
ol a continuous increase in spin rie precisely
maiches the discreie spin-period changes ob-
served in (2} The fractional change in spin period
is ~1.72 = 10°® (+10%) per year. Accelerations
determined by this method for poles less than 107
from (180°, - 85°) lic within %% of the nominal
acceleration, indicating relative insensitivity of
the acceleration 1o precise pole location,

The shape models (22) of PHS are 288-
veriex polvhedm with 572 triangular facets
giving the models 127 resolution in lopgiude,
twice the amount PHS rotated by dunng the
cxposure time for cach moge-Doppler image,
We produced a family of models with a mnge of
surface “roughness™ based upon lanee-, mediume,
and small- scale topography (22) 10 determine
both the shapes that best it the combined radar
and light-curve data and how roughness aftects
the YORP acceleration caleulations. All models
producad have similar silhoucties, with much of
the varation coming from the smoothness of the
surfice and the length of the shonest principal
axis of inertia. The best PHS shape mode] shows
very good agreement with all mnge-Doppler
images, reproducing the various conves, lincar,
and concave leading edges of the echoes (Fig. 1),
The shape of PHS (fig, 54) is distinguished by s
Mattened northem hemisphere with a lincar edge
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Table 1. Summary of shape models and predictions for the change in spin period due to the YORP
effect. Shape A (rough) is the best-fit shape model depicted in Fig. 1, and the other shape models
sample the 1-a formal uncertainty region for the fit, "Smooth" and "rough” describe the amount of
facet-scale topography the shape models allow. a, b, and ¢ are the extents of the shape model along
the principal axes of inertia. D is the diameter of a sphere with the same volume as the shape
model. The YORP predictions are given by the factor by which they overestimate the observed
change in spin period. Shape models with smoother surfaces result in predicted changes in spin
period more consistent with observation than do rough surfaces, which provide better fits to the
radar and light-curve data. Several factors could account for the discrepancy between observed and

predicted values.

AP/P, per year factor

Shape T albic (m D {m

- i ol o Model 1 (3} Model 2 (26)

A Smooth 150/128/93 114.2 2.86 372
Rough 149/134/96 1128 6.18 6.03

B Smooth 149130/91 113.2 2.95 3.36
Rough 147/132/91 1117 4.56 4.89

C Smooth 14%/129/97 115.1 2.63 3.24
Rough 149/131/99 113.0 4,74 5.14

Observed AP/Pg per year (2) = -1.72 x 107°

and prominent concavity that are clearly visible in
the mdar images.

The phase agreement between the rotating
maodel and the entire set of mnge-Doppler
images, as well as the ability o link the light
curves [rom the 4-year optical pholometry cam-
paign (2), 15 due w the inclusion of a linear
change in the intrinsic spin rate of PHS (23).
Harder to reproduce is the large amplitude of the
PHS light curves (fig. 55). The discrepancy may
be due to unresolved topogmphy, shadowing
cllects from concavities, albedo variations, or
deficiencies in the photometric model used in the
shape modeling sofiware,

The mapid owion of PHS, the increasing
spin rate, and the near-180° obliquity are con-
sistent with simulations of a body subjectied 10
YORP torques (4). YORP torques can change
the spin state of PHS on less than million-vear
time scales (2), shoner than the dynamical (2, 24)
and collisional liletimes (25) ol about 10 million
and 1 billion vears. respectively, that would
rearient the spin vector or disrupt the asteroid.
Despite the repeated close encounters between
PHS and Earth, planctary iidal torques are not
strong enough (2) o cause the observed change
in spin e, Withowt other plausible causes, the
YORP cffeet s the most viable mechanism for
cxplaining the observations,

Using the PHS spin state and shape models,
two independent YORP acceleration models
(.3, 26) predict changes inspin mie, in tenms of the
fractional change in spin period (AP/Py) per vear, 2
to 7 times as large as those observed (Table 1)
Smooth models, those with less facet-scale to-
pography, produce changes in spin mte closer by a
factor of 2 1o the observed value as models with
rougher surfaces, Severl factors may account lor
the discrepancy between observed and theoretical
values, The incomplete surface coverage by mdar
of PH5's mmegular shape undoubtedly aflects the
accuracy of the shape model, Mismodeled mor-
phology results in cmoncous YORP torue valucs

and aceelermtions that could cause enors even
greater than the factor of 2 seen between smooth
and rough models. Unresolved sudace character-
istics much finer than the mdar resolution may
also be very imponant for accurale torque
calculations.  Furthermore, we assume a bulk
density p of 2.5 giem®, Because AP/Pg per year
seales as (p027) ', a combination of higher density
and Jarger seee could reduce the discrepancy.
Deficiencies in the YORP simulations, including
the thermal model formulation and uncenaintics in
key themmal parameters and surtice-scatlenng
progeentics, may also play a rele. Simulations
assume an ideal Lambertian scattering surlface; in
peneral, o noneideal surface would produce a
result more consistent with observation. Although
PHS has significantly nonzero thermal inertia (27).
trials of surface thermal conductivities between
005 and 005 Wim'K show no appreciable
change in results, as expected (3, 20). Ahogether,
acombination of ncomplete surface coverage and
assumptions about density, themmal parameters,
and scattering propentics are likely responsible for
the discrepancy we find. The order-ol~magnitude
agreement between observation and theory pro-
vides the best evidence o date that the YORP
clfect acts upon small solarsystem bodics,

The observation of a continuously mereasing
asteroid spin rate and the reasonable agreement
with theoretical models support the YORP
cffect as an imporant process for alicring the
spin state of small solar sysiem bodies. YORP
may thercfore explain several puzeling issues in
asteroid dvnamics, including the observed spin-
rate distribution of asteroids <10 ko in diameter
and the production of binary systems,
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Analyses of Soft Tissue from
Tyrannosaurus rex Suggest the
Presence of Protein

Mary Higby Schweitzer,%?** Zhiyong Suo,* Recep Avdi,* John M. Asara,®® Mark A. Allen,”

Fernando Teran Arce,*® John R. Horner®

We performed multiple analyses of Tyrannosaurus rex (specimen MOR 1125) fibrous cortical and
medullary tissues remaining after demineralization. The results indicate that collagen I, the main
organic component of bone, has been preserved in low concentrations in these tissues. The findings
were independently confirmed by mass spectrometry. We propose a possible chemical pathway that
may contribute to this preservation. The presence of endogenous protein in dinosaur bone may
validate hypotheses about evolutionary relationships, rates, and patterns of molecular change and
degradation, as well as the chemical stability of molecules over time.

of fossilization results in the destruction of

virwally all original organic components
of an organism, and it has been hypothesized
thai original molecules will be cither lost or
altered to the point of nonrecognition over
refatively short time spans (well under a mil-
lion wearsh (/-7h However, the discovery of
intact structures retaining original trans parency,
Nexibility, and other characteristics in speci-
mens dating at least w0 the Cretaceous (8, 9)
suggested that, under certain conditions, rem-
nant organic consutuents may persisl across
geological time,

The skull, verebrae, both femorm and nbiac,
and other elements of an excepuonally well-
preserved Tiowmosaurns rev [MOR 1125 (8)

Il has long been assumed that the process
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were recoverad from the base of the Hell Crock
Formation m castern Momtana (USAY buncd
within at least 1000 m* of medium-grained,
loosely consolidated sandstone imerfingered with
iine-grained muds, miempreted as stream channel
sediments. Demineralization of femur and tibia
fragments revealed the preservation of fibrous,
Mexible, and apparently original tissues, as well
as apparent cells and bBlood vessels (5), but the
endogeneity and composition of these structures
could not be ascertained without funheranalyses,

We present molecular and chemical (/i)
analyses of tissues remaining atter pamial de-
mincralization (1) of the lefl and nght femora
and associated medullary bone (/2) that would,
in extant bone, epresent the extracel lular matrix
(osteoid) dominated by collagen | (13). Because

ol its ordered structure as a wriple helix (14, 15),
collagen | has unigque charactenistics that are
highly conserved across taxa, making validation
ol s presence relatively straightforward, The
miolecular composition of collagen incorporates
glveing, the smallest amino acid, at every helical
urn. Therefore, an amino acid profile of colla-
gen wesulis in ~33% glyeine content ( 14). This

molecular structure also results i packing of

microfibrils with a banded repeat of =70 nm
/3, 16y, Collagen also shows posiranslational
hydroxylation of about half of all proline and

some lysine residues; thus, the detection of
hvdroxyproline and hyvdroxvlysine in extracts of

orzanic material is viewed as strong evidence for
the presence of collagen (17, f8). Finally, colla-
gen is wdentified by polvclonal or monoclonal
antibody reactivity that can distinguish between
collagen types (79 We focused on identilving
collagen-like compounds because in addition 1o
bemg abundant and casily identified by muliiple
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and independent methods, this protein is durable
(260, 24y and resistant o degradation.

The fibrous nature of demineralized dinosaur
tssues was demonstrated by optical (8) and elee-
tron (hg. 51y mucroscopy. Furthermore, regions
of dinosaur cortical and medullary (£2) bone

demonstrated a repeat pattem with penodicity of

70 nm when examined by atomic force micros-
copy (AFM) (Fig. 1. A 10 D), consistent with
collagen in extant bone (Fig. 1. E and F) and

0.0 3: Phase 1.0pm 0.0

3: Amplitude

similar to that previously observad in fragments of
deminemlized Cretaccous avian bone (22). How-
ever, this penodic pattem was rarcly observed in
ultrthin sectons of MOR 1125 demmeralized
bomne by transmussion clectron microscopy (TEM)
(fiz. S1) This may be a methodological problem,
or the penodic featnes we observe (Fig. 1, A o
) may be due o surface features generated when
demmenalization removed most of the apatite

erystals emplaced dunng biomimerlization, when

1.5 pym 0.0 3:Amplitude  20pm

Fig. 1. AFM images of partially demineralized bones of MOR 1125 (A to D) and emu (E and F). (A} Phase
image of MOR 1125 cortical bone imaged in air; (B} deflection image of MOR cortical bone imaged in
phosphate-buffered saline; (C) amplitude image of embedded and sectioned MOR medullary bone
imaged in air; (D) phase image of MOR 1125 medullary bone imaged in air (note longitudinal and cross-
sectional arientation of fiber-like structures at right angles to each other); (E) amplitude image of emu
cortical bone imaged in air; (F) amplitude image of emu medullary bone imaged in air.

Fig. 2. In situ immunochemistry on
300-nm sections of demineralized
MOR 1125 cortical bone (A to D) and
medullary bone (E to H). {A) and (E),
no primary antibodies added (negative
contral): (B) and (F), antibodies to
avian collagen I; (Q) and (G), anti-
bodies to actin protein (nonrelevant,
negative control); (D} and (H), anti-
bodies to avian collagen |, inhibited by
incubating with purified chicken colla-
gen before exposing to dinosaur
tissues. All data were collected wsing
the same parameters at 122-ms inte-
gration. (I to K) MOR 1125 cortical
tissue expased to (1) no primary, (]) antibodies to avian collagen |, or
(K) collagenase digestion followed by antibodies to avian collagen |,
as descnbed (11). Data in (0}, (1), and (K) were collected at 149-ms
integration.
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collagen acted as a template. Thus, the banded
[catures may represent a type of natural molecular
imprintimg (2.3}, because banded fibers have been
observed by TEM tor other dinosaur tissues (24)

TEM stucdhes conlirm that, unhike extam bone,
dinosaur bone did not completely demineralize
aller prolonged mcubation in EDTA (/).
Selected-anca electron diffraction (SAED) of the
tssues (fg, 510, inset) showed than this retaimed
mineral is biogenic hydroxylapatite (25). 1 is not
possible w detennine this conclusively because ol
the similarity in structure between hydroxylapatite
and Nuormpatite; however, the observed diffrac-
tion circle miensities are most consistent with h_'.-

L|:|u'~.:\ |:|p:|li5u. [his I-II:IILtII:'I_'.,'_ suggesls that the |‘lll|l\,.'
mineral s vinually unchanged from the living
state and has undergone livtle i any aliemtion.

Foree curve measurements of demmeralieed
dinosaur medullary and corical bone indicate
that the clasticity of dinoswr tssues was simular
to that of demineralized extamt bone, We mea-
sured both embedded sectons (g, S2A) and
unembedded whole mounts (g, S2B) of danm-
cralized bone m both mr and liquid (/7). The
demineralized bone surface soliened afier expo-
sute o bulfer, allowing the AFM tip to penetrate
deeper into the tissues with less resistance, Thus,
the modulus of elasticity (fig. S2C) was reduced
in |iquix| i'-}. more than three orders ul-ll'l.l;lliillln.lc
(fig. S2B). Alhough 2000 nN ol foree was
required o penetrate —40 nm into MOR 1125
bone matrix in air, only =15 nN of force was
requined o depress the tip =75 nminto the same
matny when hydrated (lig. S2B, inset).

MOR 1125 comical and medullary whaole-
bone extracts showed reactivity 1o antibodies
raised apamst chicken collagen 1 (47) when miea-
sured by eneyme-linked immunosorbent assay
(ELISA). although the degree of bindmg varied
widcly. Reactivity was greatly reduced in dinosauw
extracts relative 1o extam samples (fig. S3) b
still at least twice that observed in negative con-
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trols of coextracted sediments and buller without
sample, similarly treated.

We confimed the antibody reactivity data by
in sitn immunohistochemistry in a series of
expenments. We exposed thin (0.3 w0 05 pm)
sections of demineralized conical (Fig, 2, Aw D
and Lo Ky and medullary (Fig. 2, E w H) dinosaor
bone 1o antibodics mised against avian collagen [,
both before (Fig. 2, B and F) and atter inhibition of
antibodics with chicken collagen (Fig. 2, D and H)
(1. Additionally, antibody reactivity H"lg.. 2J) was
significantly decreased after we digssied dinosaur
tissues with collagenase (Fig, 2K). alihough this
emeyme elfect was not consistently observed. Re-
activity to antibodics, measured by luorescence,
was significantly greater than in negative controls
(Fig. 2, A, C, E, G, and 1) and was localized 10
tissues. We also observed some binding of os-
teocalein antibodics 10 dinosaur tissucs (lig. S4),
These pattems were similar 1o those observed with
extant emu comical and medullary bone (lig. S5).
Immunorcactivity in dinosaur tissucs was greatly
reduced from that observad in extant bone, as illus-
trated by longer integration times and finter signal,
but wis greater than in negative controls. Immuno-
histochemistry performed on sediments was nega-
tive for binding., These results imply that the
concentrmtion of reactive epitopes in the dinosaur

ool A

o [N&

§ 1000-

3 |z
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440 450

0.0
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tissucs is very Jow, consistent with the ELISA e
sults, That antibody reactivity was mone consistent-
Iy observed in situ than m ELISA could be due o
grcater alteration and/or loss of organic compounds
during extrmction procedures, or o reducad binding
of degraded anigen © ELISA plate polymars,
The presence of collagen-derived epitopes in
demineralized tissues is supported by miss spec-
trometry data, Time-of-llight secondary jon mass
spectrometry ( TOF-SIMS) detects surface fons
associated with molecular fragmentation with
high mass resolution, and can localize signal 10
whole samples without subjecting them 1o chem-
ical extraction. In sitn TOF-SIMS analyses were
performed o unambiguously deteet amine acid
residues consistent with the presence of protem n
demineralized MOR 1125 tisucs (Fig. 2 and fig.
S6). We obtained mtios of glyeine (Gly), the most
abundant aninoe acid in collagen [~33% (J4)], and

alanine (Ala), which constitutes about 1004 of

collagenous amino acids, o support the presence
ol the speeilic collagen @l type | protein in these
tissues. Small peaks representing proline (Pro)
at mass/'charge ratio (mez) 70 (Fig. 3C), lysine
(Lys) at m= 84 (fig. S6A) and leucine or
isoleucing at sz 86 (fig. S6B ) were also detected.
TOF-SIMS is highly matrix dependent, and de-
sorption and ionization of some amino acid mes-
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Fig. 3. TOF-SIMS spectra of demineralized MOR 1125 medullary bone (A to €) and entombing
sedimentary matrix (D to F). The imonium ions for Gly (m/z = 30}, Ala (m/z = 44), and Pro (m/z =
70} can be unambiguously identified for MOR 1125; no signal was observed in sediment controls
that corresponded to these amino acids. See text for discussion.
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idues, especially modilied residucs such as
hvdroxyvlated Pro, are less efficient than for other
nesidues (26), These moditied residucs were not
detected by this method but were readily identified
by other mass spectrometry methods (/0),

The Gly:Ala mtio for published chicken
collagen el type 1 sequence (27 s 2501, The
TOF-SIMS resuls show that the Glyv:Ala rmtio in
medullary bone of MOR 1125 85 2.6:1 (Fig. 3, A
and B). Sandstones entombing the dinosaur, sub-
rcted 10 TOF-SIMS as a comtrol, showed linke or
no evidenee for these amino acids (Fig 3, Dand E),

We idenified a variety of nitrogen-containing
species — including an alkyl amine group, CoH Nz .
located at 130 amu (g, S6C)—in all dinosaur
samples tested, but not i any surmamding sodi-
ments, We also observed a number of Fe-C-H
species such as FeCH, FeCHz and FeCHs,
associted with the dinosaur matnx (fig. S7) but
nol seen i extant medenial. Similar compounds
were observed i the sediments surmounding the
dinosaur. These may be microbial products, as
sequences lom iron-containing  microbial en-
eymes were identified by mass  spectrometry
(10, Wi interpret these fragments as evidence that
iroi may help preserve solt tissue through initiation
ol intm- and intermolecular cross-links (),

Dinosaur protein sequence, including collagen,
should be most similar 1o that of birds among
extunl txa, according to other phylogenetic
information (2%). The hypothesis that molecular
fragments of onginal proteins are preserved in the
mincmlized matnx of bony cloments of MOR
1125 is supported by peptide sequences recoverad
from dinosaur extracts, some of which align
uniquely with chicken collagen al wpe 1 (/1)

The amount of protein or protein-like come-
ponents in MOR 1125 is minimal. The percent
vield afier exiraction and Ivophilization was
~0.62% for cortical bone and 1.3% for medullary
bone. Protein-derived material is only a snall per-
ceniage of the lvophilaie relative to other material
coextracted (rom bone, as assessed by comparison
of inmunorcactivity with extant samples. This is
verified by mass spectrometry. which identifics
only femtomole amounts of sequenceable maie-
rial (/) in a heterogencous mixture of extracted
netenal.

Microcnviromments within a single bone vary
ereatly, and not cvery fragment of bone examined
yielded positive results. There was a high degree
of varability between extmctions, and we have
also noted prognessive rieduction of signal inmore
recent extractions, indicating bone degradation in
modern environments (24%), Therefore, cach of the
analyses we repont has been repeated numerous
times, and we have set a minimum of thiee rep-
dlitions with similar results before reporting an
assay as positive, Additonally, experiments have
been conducted independently in a least three
different labs and by numerous investigators, and

the results strongly support the endogencity of

collagen-like proteim molecules,
We hypothesiae that these molecular frag-
ments are preserved because reactive sites on the
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onginal protein molecules bocame imeversibly
cross=linked, both to similar molecules and 1o
mineral or exogenous organic componemts. These
cross-limkimg reactions may have been minated by
unstable metal 1ons that fonmed free mdicals
(30, 21, which in tum reacted with organic mol-
ceules o lomm polymers (6, 7, 9, 329, We propose
that the unstable metal jons were denved from the
post morem degradation of iron-containing di-
nosaur biomolecules such as hemoglobin, myo-
globin, and possibly cytochromes (%, 3/} Once
stabilized by these cross-linking reactions, the
molecules were no longer available as subsirates
for further degradative reactions,

The itimate relatonship between apatite and
the organic phase of bone also comrbutes to the
preservation of organic mater ( f6, 3335, butwe
propose that the mmeral phase may be stabiliaed
by this relationship as well. The presence of bio-
genic apatite in these 68-million-year-old bones
can only be rationalized by protection from an
intact organic phase, which in wim is only satisfied
by a synergistic relationship between collagen and
mineral phases. Whercas extant bone retains no
detectable calcium alter dayvs 1w weeks of de-

mineralization, dinosaur bone retains a faction of
recognizable apatite crystals afler months of

treatmient (fig. S1). Another contributing factor
in the retemion of orginal mineral may be that
apatite is stabilized in the presence of caleile (33),
Sandstones surrounding MOR 1125 contain
abundant caleite cements,

The depositional environments may  aflect
organic presenvation in other ways, Comparison
of fossils from a variety of environments indicates
that those denved from sandstones are more likely
to retain sofl tssues and/or cells ( 9). We hypoth-
esize that the porosity of sandstones may facilitawe
draining of enzymes ol decay and suppurating
NMuids as the organism degrades, whereas organ-
isms buried in nonporous mudsiones or clays may
be exposed 10 these longer and therefore may be
more compleiely degraded.

Or findings indicate the need for optimizing
methods of extraction and handling of fossil
material, In particular, the decrease in signal we
observed over time supporis the need to establish
field collection and storage of fossils according to
protocols that allow Tuture analytical studics ( 29),

The data presented here illustrte the value of a
multidisciplinary approach to the characterization
of very old fossil matenal and validate sequence

data reported clsewhere (/0). The inclusion of

lossil-denved molecular sequences inio exisiing
phylogenies may provide greater resolution and
may allow reconstruction of character evolution
bevond what is cumently possible. Elucidating
modifications to ancient molecules may shed light
on pattems of degradation and dingenesis, The
presence of original molecular components is nol
predicted for fossils older than a million vears
{£-7), and the discovery of collagen in this well-
preserved dinosaur supports the use of actualistic
conditions 1o formulate molecular degradation
rates and models, mther than relying on theoratical
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or expenimental extrapolations denved from
conditons that do not occur m nature.
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Protein Sequences from Mastodon
and Tyrannosaurus Rex Revealed by

Mass Spectrometry

John M. Asara,™®* Mary H. Schweitzer,? Lisa M. Freimark,® Matthew Phillips,? Lewis C. Cantley™*

Fossilized bones from extinct taxa harbor the potential for obtaining protein or DNA sequences that
could reveal evolutionary links to extant species. We used mass spectrometry to obtain protein

sequences from bones of a 160,000~ to 600,000-year-old extinct mastodon (Mammut americanum)
and a 68-million-year-old dinosaur (Tyrannosaurus rex). The presence of T. rex sequences indicates
that their peptide bonds were remarkably stable. Mass spectrometry can thus be used to determine
unique sequences from ancient organisms from peptide fragmentation patterns, a valuable tool to
study the evolution and adaptation of ancient taxa from which genomic sequences are unlikely to

be obtained.

blaining genome sequences from a
number of taxa has dramatically  en-
hanced our abilitics 1o study the evolu-
tion and adaptation of organisms. However,

difficultics n the acquisition of DNA or RNA
from anciem extinet taxa limit the ability 1o
examine molecular evolution. Recem advances
in mass spectrometry (MS) technologies have

wWWWw.sClencemadg.org




made it possible to obtain sequence infommation
fromm subpicomolar guantitics of fagmented pro-
teins and peptides (f, 23, but the conversion of
these fragmentation patiems (MS5/'MS  spoecta)
into peptide sequences in the absence of genomic
and protein sequences from publicly available
databases has been a challenge. 1 the unknown
peptide is identical in sequence © a protein
region rom an onganism whose genes or proteins
have previously been sequenced, then the
fragmentation  pattern (the  mass/'charge  mtios
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and relative intensitics of peaks) will match a
theoretical fragmentation pattem from a sequence
m publicly available protein databases o from
the fragmentation pattem of a synthetically de-
rived peptide, to confim its identity.

Using this approach, tryptic peptide se-
quences of collagen have been identificd from a
100,000 1o 300,000-year-old mammoth skull,
and these matched collagen fragments of extant
mammalian taxa including bovine, a result that
was also supponed by immunological methods
(31 MS has also been used 0 report protein
sequences from younger fossil specimens (4-6),
However, sequence data from very old (1 million
viears or older) fossils has been hindered by protein
concentrtions below the limits of detection by
most analytical methods, and by theoretcal himits
based on predicted rates of degmdation (7, 8). In
addition, most commercial software lor identify-
ing peplide sequences by MS relics on the peptide
Imgmentation pattem matching dentically o that
of a peptide/prolein sequence in existing sequence

REPORTS

databases. Here we show that these hindrances can
be overcome by a two-step proteomuics approach
tor obtan sequences from on-trap MS fmgmenta-
Hon pallerns,

We sequenced collagen protein Tagments
denved from fossilized bones of two exting
taxa: a 1O0000- 1o GO0000-year-old mastodon
[specimen number Muscum of the Rockics
(MOR) 605] (#) and a 68-million-year-old
dinosaur (Hramnosannes rex, MOR L125) (1),
results that are supported by immunological and
molecular analyses published in this issue by
Schweiteer er af. (1) We first looked Tor tryplic
peptide frmgments from exiracts of ossilizod bone
that matched identically with sequences (rom an
orthologous protein or proteins from extan taxa,
thereby identifying the protein(s) of intercst. This
15 a common procedure for conserved proteins
from taxa that share genomic information. Next,
we genermted a protein sequence database of like-
Iy drifis in amino acids in other tryptic peptides by
comparing amino acid sequences of the orthologs

A Weighted organism (chicken) produces Consensus of at least two organisms
residue in predicled sequence produces residue in predicted sequence
1 l 3
P02457 collagen altl Chicken PGASGPMGPRGPAGPPGKNGDDGEAGKPGRPGORGPPGPQGARGLPGTAG
CWSC Predicted ostrich peptide = = =  <—-ceccee-- GPAGPPGKNGDDGEAGKPGRPGER--~===cccecaceax
BAA36973 collagen altl Newt PGAAGALGPRGLPGPPGKNGDDGESGEPGRPGERGPSGPQGARGLPGTAG
BAA94972 collagen altl Frog PGASGAMGPRGSSGPPGKNGEDGEAGKPGRPGERGPPGPQGARGLPGTAG
B c
rl'lh 'h-."
100 100
85 " o5
80+ | ) Experimental peptide 90 Synthetic version
o) from ostrich B Yo of peptide
B0 | 2 B0
L N -
™0 70+
H 1 H 4
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Fig. 1. Sequence identification by matching a peptide fragmentation
pattern to a predicted tryptic peptide sequence. (A) Example of the chicken
weighted simple consensus (CWSC) sequence algorithm for predicting a
tryptic collagen peptide sequence from a previously unsequenced taxon
{ostrich) based on three related organisms with one weighted organism
tchicken), If a consensus of at least two organisms was present at amino
acid residues that diverged (positions 11, 15, and 23}, the consensus res-
idue was chosen in the predicted tryptic peptide sequence. For residues that
diverged where no consensus was present (positions 2 and 3), the residue

from the weighted organism (chicken) was chosen for the predicted se-
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300 400 500 600D TOO BOO m1m11m1m1m1m1m
quence. Amino acid residues that aligned through all three organisms were
left unchanged in the predicted sequence. (B) The experimental MS/MS
spectrum from the LOMS/MS analysis of a triply charged peptide from
ostrich bone protein extract that matched to the predicted sequence GPAGF
(OH)PGKNGDDGEAGKP(OHIGRP(OH)GER and contained three hydroxy-
proline residues. (C) The MS/MS spectrum of the synthetically derived
triply charged peptide of the same sequence for confirmation. The typical
b- and y- fragment ions from the fragmentation pattern of the experi-
mental peptide align very well with the synthetic peptide, validating the
sequence interpretation.
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from multiple related extant taxa. This approach
produced a manageable number of theoretical
protein soquences. The predicted pepude frag-

mentation pattem from these theoretical profcin
sequences were then compared with the fragmen-
tation pattems of additional peptides denved trom

Table 1. Extinct mastodon collagen proteins identified by LOMS/MS, showing identity to extant organisms.
A list of collagen proteins from 160,000- to 600,000-year-old mastodaon fossilized bone is shown, including
the number of peptide spectra identified, the amino acid coverage, and the organism identity.

extracts of fossilized bone that did not maich
peptides in public sequence databases (Nig. S1).
As a prool of concept for this approach, we
mvestigated collagen sequences from femur
bone extracts of an ostich (Stuthio camelus),
an extant organism whose genomic scquence
has not et been evaluated and whose proten

sequences are not available in protein databases.

2 o : Number of Amine acid Cellagens are the most abundant proteins in
Protein name Organism identity peptide spectra  coverage l'm:]u (=) :||}:{ have h[n:zil;n: ;’:u.i-llnm:-ln.tiullml
; 5 . moditications (12, £3), and their longevity has
Eﬂhl:f': ulél:;:ha::'i il Deg, hn;lne. ll;luman. hitms i; ig:':: already been demonstrted in fossils (3, 14).
SEm!lar tu "zu cuuagen :’E hum:n 12 9ui Collagen proteins are also highly conserved. For
5;““.’3' tn 2 llagmrl ai";:'w g ; ;p .:" 3 4%, example, the sequence identity for collagen al
: ;::11 d:: :un s SR DL H:: : 3 29 type 1 (altl) from human (Homo sagicis) o
‘1 > i ullage o Y H s 3 4% frog (Xewapues laevis) is 8 1%, and the sequence
g 1tla . g:i:} !:hu ?rm Human 3 &% identity between human and bovme (Bos faurus)
5? ,lgen :, {ll alh 1t €l umhan 5 201, 15 97%, an extraordinarily high similarity. Using
NI 40, COSIORN AL Spiant the Sequest algorithm (/5), we identified 87
Collagen a1l chain Mouse 4 2% try plic peptide spectra by microcapillary LOMS
gijl;:izhtrn:?gezril collaiaei c:r:::n : :x MS (LC, hiqud chromatography) representing
u )
w IL:l‘ i A F 1| g xl: .l. .d
Similar to collagen alfl}-chain precursor Chimp 2 2% PLTT‘ L "Lf’lumu_. m[;_[t_li_::_ _m L.\’['llm.] nl":;
111 collagen Newt 5 3% organisms in pmfun mabases, primanly colla-
- gen alt] from chicken (Gallis gallus) (able S1).
A Peptide Sequences Unique to Mastodon Protein Xcorr Sp
GSEGPQGTR collagen o1t1 2.22 1187
GAPGPOQGP*G"GAP*'GPK collagen o1l 3.44 1017
EGAPGSEGAPG*'RDGAIGPK collagen 11 2.86 580
GLTGPIGPP*GPAGAP*GDKGEG*GPSGPAGPTGAR collagen ait1 5.63 715
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Fig. 2. Collagen peptide sequences unique to extinct mastodon identified by
LCMSMS. (A) The four collagen a1t1 peptide sequences found by the approach
that are unique to ancient mastodon. Xcorr (cross-comrelation score) and Sp
(preliminary score) represent the scores resulting from database searching
against protein databases using Sequest. The asterisk represents the hy-
droxylation site after the posttranslationally modified residue. (B) An example
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of the experimental MS/MS spectrum of a doubly charged tryptic peptide for the
collagen o1l peptide sequence GSEGPQGTR from the LOMS/MS analysis of
mastodon fossilized bone extract identified from a Sequest search against a
theoretical collagen protein database. (€} The synthetic version of the same
peptide sequence, All major ions from the experimental spectrum align very well
with the ions from the synthetic version, validating the sequence.
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In addition to obiaining sequence data, a turther
benefit of wusing MS is thal posttranslational
modilications (£6) of the protems can be deter-
mincd. Approximately 500 of proline residucs,
15% of lysines, and 10% of glvcines in the col-
lagen peptides were hydroxylaed, Hydroxypro-
line stabilizes the taple helical confimation of
collagen i fibrllar structures (12}, and hydroxy-
Iysine cross-links individual collagen molecules
(13}, dithough the function of glyeine hydroxyl-
ation has not been reponed. In some cises, the
technology used here could not detenmine post-
translational modifications resulting in very small
miass shifts nor could it distinguish isobaric amino
acid residucs, Approximately 33% of the sequence
for collagen @1l and 16% for collagen a2tl were

identified from ostrich bone extmcts through iden-
tical matches to collagen m taxa whose sequences
are present in proten databases. Many expenmen-
tal factors can result in a failurce o oblain complete
protein coverage, including  proteolysis, chroma-
tography, and onization efliciency; however, some
peptide sequences coulkd have been missed because
of the evolutionary divergence ol amine acids from
sequences of taxa in cument protein databascs,

To address this latter possibility, we gener-
ated aligned sequences oblained from chicken
collagen axlil (the most closely related sequence
to that of ostrich in the public database) with
those from frog and Japanese newt (Cvnops
pyirhagasier) (the next most closely related se-
quences m o the daabase). For predicted uvplic

Table 2. 68-million-year-old T. rex collagen peptide sequences identified by LO/MS/MS. Organism
identity indicates the extant organisms to which the MS/MS fragmentation pattern perfectly aligned.
Xcorr, Sequest cross-correlation score; Sp, Sequest preliminary score; *, hydroxylation site after a
modified residue. The majority of collagen sequence matches from T. rex align uniquely with

chicken from publicly available protein databases.

200

Wo0 1100 200 300 400
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fragments where one or more of these three taxa
diverged at more than one residue, we generated
a st of theoretical peptide profein sequences that
included the exact sequence m regions where all
three species were identical and vanous combina-
tions of the observed vanant amino acids at wes-
iducs where the three specics diverged (Fig, TA).
Wi assumed tha differences between chicken and
estrich are most likely to occur a residucs that have
been observed o dill from chicken to frog and
newl. Because chicken is phylogenatically closer
to ostrich than frog or newt, we chose the residue
observed in chicken as the most likely residue
when all three species differad m a location ba
chose the majonty residue where two out of three
were identical ata given position. For this example,
we predicted a theoretical dnft from chicken that
wis likely 10 be observed moa related species such
as osirich. This sequence (s well as other se-
quences predicted inoan analogous  manner)
matched MSMS  fragmentation pattems  from
astrich bone extret as well s a synthetic peptide
created for sequence validation (Fig. 1, B and C).

1000 1100

Peptide sequence Protein Organism identity Xcorr Sp Addinonal theoretical sequences were gen-
T p N 'I: : cr.u.ud for nnsfzhgnml r-.*-sadumlh'_v using point-
gfﬁg;‘f&;ﬂ‘:ﬁp&ﬁ&“ Ez:::g:: ;:}3 N :mh“ﬁi:’ If_:;ﬁ s : ;: 1?:3 assisted mutation (PAM) matrices that predict
GVOGPP*GPQGPR cu“age n el .chiclr.ren 2'5 4 365 changes in amine acid residues through evolu-
GLPGESGAVGPAGPIGSR Cnllag on a2tl Chicken 2'99 479 tion (/7), mther than choosing a residue rom
GVVGLP*GOR L‘ulla:en altl Multiple organisas 2‘55 sog UM of the three initial organisms (/&) In addi-
GLVGAPGLRGLPGK Collagen 112 Frog 2'23 410 tion 1o sequence matches to related organisms,
GAPGPOGPAGAP*GPK Collagen e1tl N 2'1 a 272 the approach found six additional collagen pep-
g ! tide sequences that were unique to extant ostrich
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Fig. 3. The LO/MS/MS fragmentation pattern from a é8-million-year-old
I. rex peptide. (A} The experimental MS/MS spectrum for the T. rex doubly
charged hydroxylated tryptic peptide sequence GVQPPIOH)GPQGPR from
femur bone extract identified by LOUMS/MS. (B) The synthetic version of
the same sequence. All major fragment ions from the experimental

www.sciencemag.org SCIENCE WVOL 316

M5 technology.

500 600 FO0 BOO GO0
miz

spectrum are in very good alignment with ions from the synthetic version,
confirming the sequence. This molecular sequencing evidence of protein
from a 68-million-year-old fossilized bone demonstrates excellent pre-
servation of the T. rex femur and the high sensitivity of state-of-the-art
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and had been missed in the companson with pub-
lic databases (table 52). Of these six sequences,
four were determined using the orzamsm welghted-
consensus method and two were determined
using the PAM weighted-consensus  method,
Although this approach only increased the total
sequence coverage of ostrich eollagen from
~33% 1o =39%, it revealed sequences in ostich
collagen that differed from those in chicken or in
other specics in the database, thus providing a
means o assess evolutionary  divergences be-
tween these specics.

For mastodon sequences, we sampled ex-
tracts from mastodon long-bone fragments dating
o 160000 1o 600000 years ago that preserved
soft ussues (9, 19). 74 wvpuc peptide MSMS
spectra matched collagen sequences from extant
mammalian organisms in the protein database
{Table 1), The sequence matches resulied in ap-
proximately 32% coverage for collagen altl and
209%, for collagen a2il. The faction of glycine
with hydroxylation in the mastodon collagen
peptides wis somewhat higher (~507%) than that
observed in ostrich collagen, whereas the fraction
ol hydroxylated proline and lysine residues was
similar to that in ostrich. 1t is possible that the
subset of peptides with hydroxy lation on glycine
is resistant o proteolysis, thus explaining the
enrichment, Allernatively, enzymatic glveine
hydroxy lation may be more active in the masto-
don than in the ostrich, or the oxidation may have
occurred noncnzyvmatically over hundreds of
thousands of vears. The mastodon sequences ob-
tained were more closely related 1o collagen
sequences from dog, bovine, human, and ele-
phant than o nonmammalian taxa, as expected.

We used the same approach as for osirich 1o
identify collagen peptide sequences unique o
mastodon. We comparcd drifis in sequences be-
tween verichrale mammals, including  human,
dog (Caniis famniliaric), and mouse (Mus mitsen-
fus) as well as PAM to generate additional the-
orctical collagen sequences centered on extant
mammalian species and added them 1o our pro-
tein database containing theoretical ostrich se-
quences. Elephant (Lovodowa africana), the
most closely related extant taxon (210), was not
used to generate predicted collagen sequences
because ncomplete peptide sequence fragments
trnslated from genomic datw are available m pub-
lic protein databases. Other combinations of mam-
mahan orgamisms such as bovine were also used
to generate additional predictions. Four additional
masiodon peptide sequences from fragmentation
patterns matched the theoretical sequences: two
from the orzanism weighted-consensus method
and two lrom the PAM weighted-consensus meth-
od (Fig. 2A) Those sequences were conlimmed by
comparing their fragmentation paftems 1o those
obtained with synthetic peptides (Fig. 2, B and ),

The additional sequences increased the amino
acid coverage of mastodon collagen altl from
approximately 32% two 37%, a compamble
increase 1o that for the ostrich collagen. We thus
obtained naarly & much coverage of collagen
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sequence from the 160,000 to 600 000-year-old
tossilized bone (37%) as from a freshly collected
ostrch bone (39%),

For T rex sequences, we analyveed proteins
from the femur of a 68-million-year-old 7 rex
(MOR 1125) recovered from the base of the
Hell Creck Formation. This bone preserves soli
tissues (/1) Previous attempts 1o obtain protein
or DNA sequences from such ancient fossils
have failed because of extremely low concentra-
tions of organic material remaining alter extrae-
tion and because of degradation or modification
of the remaining organic materials (7). Proicin
extracts from the T rex were prepared as for
ostrich and mastodon; however, the trvplic
peptides required  muluple purification steps
{solid-phase extrction, strong cation exchange,
and reversed-phase  microchromatography ) in
order to chiminate a nst-colored coextmcting
contaminant and 1o increase the concentration of
peptidic matenial. Three sequences from initial
LOMSMS expernments from the T rev samples
indicated the presence of the iron-containing
metallocnzyme nitrile hydratase beta, derived
from soil bactera Rlodococens sp. and involved
in biodegradation (27). Two peptides from a col-
lagen adhesion protein from Sofibacter wsitalis
were also sequenced. Microbial contamination
was nol signilicant, most likely because of the
deep burial of the fossilized bones in the strata of
the Hell Creek Formation.

The MSMS spectm obtained from  pro-
cessed T rew bone extracts revealed seven total
collagen peptide sequences that could be aligned
with predicted fmgmentation pattems of colla-
gen altl, a2ul, or al2 sequences from extant
verebrate taxa in the public protein database
{Table 2). These sequences could be reproduced
from multiple LOCMS/MS experiments; however,
dilferent peptides were sequenced from five dil
ferent sample prepamtions of T rer proiein
extract over a 1.5-vear period. The last two ex-
tractions vielded less sequence information than
carlier eximctions, probably because of degrada-
tion of the fossil over time after removal from its
well-preserved native environment (223, As inthe
extant ostrich and extinct mastodon, most of the
peptides contaimed  hydroxyl modifications on
proline, lvsine, or glveine residues, Sediment and
bufler control samples were analveed, and no sc-
quences from collagen were found, although bac-
terial peptides were also present in sediment,

A BLAST alignmem and similarity search
23) of the five T rex peplides from collagen
altl as a group against the all-taxa protein data-
base showed 38% sequence identity 10 chicken,
followed by frog (51% identity) and newt (51%
identity). The small group of peptide sequence
data reported here suppon phylogenetic hypothe-
ses suggesting that T orex s most closely related
o birds among living organisnes whose collagen
sequence is present in protein databases (24-26),
The collagen sequences from other closely related
extant taxa such as alligor (Alfigator sinensis)
and crocodile (Crocodvlies actis) are not presant

in current protein databases, 11 all sequences were
consistent with a single extant onganism, it might
indicate that the samples or our experiments were
contammated. However, we identified regions of
sequence that align uniguely with multiple related
veriebrte taxa in protein databases, The highly
conserved nature of collagen proteins nesults in
very limited regions that do not overdap, and the
sequence alignments vary by only one or two
amine acids, even in distantly related organisms,
Because these peptides are all derived from the
saume bone matrix, one would have 1o make the
argument for multiple contamination events from
organisms, such s newt, that are not native
Hell Creek environments and have never been
iside the buildings that lave housed these bone
samples. For further validation of the sequence
data, Fig. 3 shows one of the expernimental T v
sequences, GVOQGPMOINGPOQGPR (27), tha
matched 1o chicken collagen alt] and the synthetic
sersion of the peptide. The experimental spectrum
shows lower signal intensity and more chemical
noise than the synthetic peptide, which is not
suprising because the spectra were derived from
of-million-year-old endogenous proteins. The
signal intensitics of the mass specir indicale that
only low or sublemtomole levels of peplides were
produced from tryplic digestions of approximately
30 mg of bone protein extract, Peplide sequences
wnigue o T e were not Jound, most likely
because few peptides were available for sequenc-
ing as compared 1o the ostrich and mastodon
samples, In suppont of these resulls and data
shown here and by Schweitzer er al. (11), in situ
localization with avian antibodics w0 collagen
type | shows the presence ol collagen, which
disappears alier reatment with collagenase (7).

The ability 0 sequence intact peptides from
a bE-million-vear-old source is auributed 1o sev-
cral factors, including the exceptional preserva-
tion of the sofi tissues from the Hell Creek
envirooment, the fresh preparation of the lossil
samples without curation or preservation (22,
and the advancemens in the sensitivity of MS
technology over the past decade. The fact that
sequenceable collagen was very abundant in the
masiodon sample, which could be approximate-
Iv half a million vears old, also shods light on
the fact that sequenceable protein lasts much
longer than 1 million years,

As technologics become more refined and
prodein extrmction techniques are optimized, more
infomative materal may be recovered, This
holds promise for fulure work on other fossil
material showing similar preservation, but also
demonstrates a method for obtaining protein se-
quences from rare or endangered extant orga-
nisms whose genomes have note been sequenced.
The MS- and bioinformatics-based approach we
have used can be applicd not only 10 obain se-
quences [rom extingt organisms, but also o
oblain protein sequences from extant organisms
whose genomes have not been sequenced and o
discover mutations in discased tissuss swch as
G
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Lymphotoxin 3 Receptor—-Dependent
Control of Lipid Homeostasis

James C. Lo,** Yugang Wang,’" Alexei V. Tumanov,®* Michelle Bamji,® Zemin Yao,?
Catherine A. Reardon,® Godfrey S. Getz,’t Yang-Xin Fu'?t

Hyperlipidemia, one of the most important risk factors for coronary heart disease, is often
associated with inflammation. We identified lymphotoxin (LT} and LIGHT, tumor necrosis factor
cytokine family members that are primarily expressed on lymphocytes, as critical regulators of key
enzymes that control lipid metabolism. Dysregulation of LIGHT expression on T cells resulted in
hypertriglyceridemia and hypercholesterolemia. In low-density lipoprotein receptor—deficient mice,
which lack the ability to control lipid levels in the blood, inhibition of LT and LIGHT signaling with a
soluble lymphotoxin [ receptor decoy protein attenuated the dyslipidemia. These results suggest
that the immune system directly influences lipid metabolism and that LT modulating agents may
represent a novel therapeutic route for the treatment of dyslipidemia.

therosclerosis results from a combination
Ani’d}-ﬁhmdcmjn (dysregulation of lipid

levels in the blood) and inflammation-
mediated pathology ol the vasculature (/-3). In
particular, systemic inflammation s ofien as-
sociated with lyperhpidemia, although the exact
mechanisiic link is unclear (4). Members of the
tumor necrosis factor superfamily (TNFSF) of
cyiokines are involved in a wide armay of bio-
logical processes, including immune function,
cell death and survival, and atherosclerosis,
Among these, lvmphotoxin (LT) and LIGHT
are potem proinflammatory ligands expressed
primarily on T cells, and both bind o lympho-
toxin § receptor (LTRER ), a wmor necrosis factor
receplor superfamily member. Disruption of
LTRR signaling in mice results in a wide amay
of phepotypes mcluding lvmph node aplasia,
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impaired splenic microarchiiecture, auioimimu-
nity, viral infection, and grossly impaired immu-
noglobulin ( lg) responses (5-7).

Recent clinical, genctic, and epidemiclogical

sudics have linked LT o the development of

atherosclerosis and myocardial inlarction (5. 9).
However, the contribution of LT to lipid
homeostasis—a likely influencing factor in
atherogenesis—is not established. In one in-
Nammatory mouse model, inercased expression
of LIGHT on T cell lineage in Lek LIGHT
transgenic (Tg) mice culminates in the develop-
ment of systemic inflammation, hepatomegaly,
and inflammatory bowel disease (10, 1),
Lymphocyies can have inmtimate contact with
hepatocyies, which raises the possibility that
some T cell-derived ligands such as LT and
LIGHT may deliver signals that regulae various
liver functions. Indeed, LTand LIGHT have been
shown 1o impan signals necessary for liver ne-
generation as well as for pathogenesis of hepatitis
(f2, 13).

Giiven the observed effects of LT and LIGHT
on the liver, and given that lipid homeostasis

Fig. 1. T lymphocyte—derived A B

LIGHT promotes dyslipidemia. (A it _ S

to D) Wild-type (WT) and LIGHT Tg g - -E

mice were fed a normal chow diet = 2001 ey g 0o 3
(A and B) or Western-type diet gm e E o .
(WTD) (C and D) for 2 weeks and ‘ |"‘f_‘ ‘ I'"'*""I‘l |-'qw—|
then assayed for plasma total g o 2 o ;
cholesterol and triglycerides. (E) c wr T D l To
WT and LIGHT Tg spleen and lymph o - o -
node cells (107 per mouse) were g - g e
transferred into sublethally ir- E 200 -] = 200 -
radiated (600 rad) WT mice that § E ¥
were then fed WTD: after 4 weeks, 100y g g 1999 =

plasma total cholesterol levels were " 1} E s | £ 1
determined. (F) LIGHT Tg mice on a W To wWT Ta
normal chow diet were injected with E F

control human Ig (hig) or LTjR-Ig 204 4 _ Eo0,

on day 0; after 1 week, plasma total E S s § 150 _ %a* .
cholesterol was determined. Each 3 | : E wil |l & .
individual symbol represents values 2 : . i
from WT (triangles) and LIGHT Tg 3 *°] g =

Icircles) mice. Means are plotted as L S TpRig

columns. *P < 0.05, **F < 0.01,
P = 0,001

w"r Tg
Lymphot s

WT

13 APRIL 2007

285




REPORTS

15 tightly regulated by the liver, we tested wheth-
er lipid metabolism might be perturbed in the
Lk LIGHT Tg muce. At 4 10 8 weeks ol age,
LIGHT Tg mice displayed hypercholesterolemia
(P = 0.000) even on a normal diet (Fig. 1A) and
tniglyceride levels were also elevated m LIGHT
Te mice relative 1w wild-type mice (P = 0L02)
(Fig. 1B), This hypedipidemic phenotype was fur-
ther exaggerated when the mice were placed on a
high-fat, high-cholesteral dict, with LIGHT Tg
mice developing hvperirglycendemia (F < 0,01)
and worsened hypercholesterolemia (7 < 0.01)
(Fig. 1. C and D) In contrast, the plasma lipid
levels of wild-type mice did not change on the
same diet (Fig. 1, A D),

Although hiver LIGHT Tg CD4 and CDS
T cell numbers (fig. S1A) as well as LIGHT
expression (fig. 52) were increwsed in 4- 1o 8-
week-old fok LIGHT Tg mice, inflammatory cell
mfiltration and liver cell damage were nol
obwvious al this point {lig. S1. B and C). Notably,
these increases occurred carlier than the develop-
ment of inflammatory bowel discase in these
ammals (fig. STF)L This raised the possibility that
LIGHT itselll or activared T cells, might faciliate
hyperdipidemia. Using tansfer of purified LIGHT
Te Teells o wild-type mice 1o test this hypothesis,
we observed increased plasma cholestenol levels
in the recipient animals (Fig. 1E and fig. 53),
which could be comrocted by inhibition of LIGHT
signaling with the use of LTPR-Ig fusion protein
{Fig. 1F). These results revealed that LIGHT ex-
pressed on T lymiphocyies was capable of regulat-
mg lipid homeostasis.

To further address the potential mechanism
ol LIGHT-medioed dyvslipidemia, we crossed
LIGHT Tg mice with mice lacking cach of the
two defined receptors for LIGHT: the hempesvirus
entry medigtor (HVEM) and LTPR (6, 7).
LIGHTT-mediated dyslipidemia was still present
and even worsened in LIGHT Te/#VEM ™
mice but was largely corrected in LIGHT
Te/LTER™ mice (Fig. 2). These daa suggest
that the LIGHT-LTER iteraction, but not the
LIGHT-HVEM interaction. was essential for the
dyslipidemia in LIGHT Tg mice. In contrast,
HVEM signaling may have had a modest pro-
tective influence on dyslipidemia in most mice.

Two lkely target organs known o regulate
lipid homeostasis are the lver and intestine, We
focused our nital anention on the liver as the
most likely organ 1o influence plasma lipid bal-
anee, because there was no evidence of impaired
lipid absomption in the gut of these animals (fig.
SIE) Hepatic gene expression profiles of wild-
type and LIGHT Tg mice were first generated by
Allfymetnx microaray analysis (£4). OF more
than 45,000 hepatic genes, 385 were identified
with expression levels that were altered by a
factor of 3 or more, These genes were subdivided
it specific pathways, with panicular attention
to those known o regulae lipid and cholesterol
metabolism. In panticular, relative expression of
hepatic lipase (HL) was decreased by a factor of
200 in the livers of LIGHT Te mice (Fig, 3, A and
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B, and fiz. 54). HL is a key cneyme in lipid me-
tabolism by the liver, hydrolyzing triglveendes
and phospholipids associated with plasma lipo-
proteins ( £.5). HL may function both as a lipelytic

Fig. 2. LIGHT-dependent dyslip- A
idemia is mediated by LTRR signal-
ing. (A to D) Mice of the indicated
genotypes were fed WTD for 2 weeks
and were then assayed for plasma
total cholesterol [(A} and (C)] and
triglycerides [(B) and (D)]. *P < 0.05,
P <001 *P < 0.001

Choleate ol {megih
aE R EEE

cengyme and as a ligand for hepatic recepior-
based uptake of tnglyveeride-rich lipoproteins
{/5). Inactivation of the HL gene in low-density
hpoprotem receptor (LDLR-dehicient mice has
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D
020 T
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°f
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W hapakoyes LTHA hepaiocyies

Fig. 3. Dysrequlated LIGHT expression on T cells reprograms hepatic gene expression. (A) HL mRNA
level expression by real-time PCR, ***P < 0.001. (B) Northern blot analysis of HL expression. (C) Analysis
of HL protein expression level in post-heparin plasma by Western blot. (D) Post-heparin plasma HL
enzyme activity analysis using the CONFLUOLIP hepatic lipase kit. *P < 0.05. (E} LIGHT-mediated
repression of HLis dependent on the LT3R, not HVEM signaling. Shown is a representative Northern blot
on the mice of the indicated genotypes. (F) LIGHT can directly repress HL expression in hepatocytes.
Primary hepatocytes from WT (left) or iniR+ iright) mice were incubated with or without recombinant
mouse LIGHT overnight, and their HL mRNA levels were quantified by real-time reverse transcription
PCR. *P < 0.05; experiments were performed three times.
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been found to result in clevation of very-low-
density lipoprotein (VLDL) and dyshipidenuad £6),
whereas overexpression of HL acts 1o sub-
stantially decrease tnglycendes and lipoprotein
cholesterol, cspecially in the ApoB-containing
lipoproteins (/7 The change of HL gene ox-
pression in LIGHT Tg mice (Fig. 3B) comelated
very well with the protein expression level and
cnzyme activity in the post-heparin plasma
(Fig. 3, C and D). The levels of HL mRNA ex-
pression were increased in the livers of LIGHT
T@LTER™ mice relative 1o LIGHT Tg mice
(Fig. 3E). In contrast, the enzyme activity of HL
and its mRNA expression in LIGHT TgHVEM ™
mice remained at levels seen in LIGHT Tg
mice (Fig. 3E and hg. S5). Taken together,
these results sugeest that LIGHT-LTRR imer-
actions inhibit the expression of HL in a way
that could explain the hyperlipidemia in LIGHT
Ta mice.

Taking mio account the elfective normal-
eation of lipid levels in LIGHT Tg mice by
LTBR-Ig treatment (Fig. 1F), we tested whether
inhibition of LTPR signaling could restore cho-
lesterol levels in hypercholesterolemic HETT
mice. The cholesterol levels were unchanged al-
ter weekly treatment of HL-delicient mice with
LTRR-1g reagent for 8 weeks (fig. 561, although

a rapid change was detected in LIGHT Tg mice
by the same treatment (Fig, 1FL These data
provide further support for the importance of
LTBR signaling in regulation of HL expression
and consequent dyslipidemia.

Thus far, our data suppon the hypothesis that
LIGHT could potentially signal via the LTBR on
hepatocytes 1o dircctly nhibit the expression of
HL. To dircetly assess this possibility, we
stimulated primary wild-type and LTBR™
hepatocytes with recombinant mouse LIGHT:
the result was a significant depression ol the
expression of HL in primary wild-type hepato-
evies (7= 0,05) (Fig. 3F) but not in the prinary
hepatocyvies lacking LTRR expression. To test
whether direct contact between hepatocyies and
T cells was responsible for control of HL expres-
sion, we incubated hepatocytes and LIGHT-
expressing T cells together or separated with a
transwell culture, In these experiments, inhibiation
of HL expression was evident only when hepa-
tocytes and LIGHT Tg T cells could be in dineet
contact (fig. STB). which further suggested that
LIGHT signaling via direct interaction with
LTBR is required for its effects on HL expression
in hepatocyies,

To this point, our data suggest a pathogenic
role for LIGHT-induced LTRR signaling in
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] f 1 et = s
2000 - . 5 . I
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c D
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I | —i— Goninl gk 1 L . oo
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g I E
| | B
i R g o
: | '-‘1:::. EEI
(/> -"; o s S [ 1E
g o LT E
L} 16 24 a2z a0 48 -1} 0000 - -
Frction
Fig. 4. Soluble LT[R antagonist reverses dyslipidemia 1 20000 :. -
in a murine model of atherosclerosis. (A and B) % e
LDLR™" mice were fed WTD and injected with hig or 5 =i
LTER-lg weekly. The plasma levels of total cholesterol 10000
and triglycerides were analyzed at the indicated time o
points. **P < 0.01, ***f < 0.001. Experiments were e
performed twice. (Q) FPLC analysis of plasma from o - &
LDLR™ mice on WTD for 12 weeks treated with hig or cortral LTpAg

LT{R-Ig. (D} Lipoprotein cholesterol levels in LOLR™

mice treated with hig or LTER-Ig. *P < 0.05, **P < 0.01. (E} HL expression levels were quantified by real-
time PCR from livers of LDLR™ mice on WTD treated with hlg or LTER-lg. *P = 0.05.
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plasma lipid hemeostasis. To test this in a
separate model, we analyzed LDLRTT mice,
which also display dyslipidemaa (/8). Hyper-
lipidemia is less severe when LOLR™ mice are
crossed with RAGH ™ mice (/9), so it is possible
that the immune system might panicipate in lipid
regulation, Potentially this might be initiated by
dyslipidemia induced by the LDLR deficiency;
in such a scenario, the immune system would be
activated and in tum would activate LTER sig-
naling and further promote hy pedipidemia by a
positive feedback loop, To test this hypothesis,
we first tested whether overexpression of LIGHT
by T eells in LDLR™ mice could promote hy-
perlipidemia. Transfer of bone mamrow cells
from LIGHT Temice to LDLR™ recipient mice
enhanced hypedipidemia relative o transfer of
wild-type bone marrow (fig. S8). In contrast, the
absence of LIGHT or LT ligand on transfemed
bone mamow cells ameliorated the hyper-
chalesterolemia in LDIR™ recipient mice, most
prominently in the absence of LT ligand (fig.
SOA). Interestingly, LDLR-deficient mice recon-
dituted with bone marrow from L7 donors,
but not LIGHT ™ donors, expressed higher HL
mRNA levels and HL emevme activity relative to
mice reconstituted with bone marmow lrom wild-
type donors (g, 59, B and C) These results
imply that LTER signaling is an imporant
mediator of the pathogenesis of dyslipidemia in
LDLR-deficient mice and that LT may be a more
potent ligand in this model.

Although the numbers of activated (CD447)
CD4™ T eclls did not show measurable change
in LDER™T LT bone marmow transfer recipients
(lig. SOE), the overall numbers of CD4 and
CDS T cells were reduced in these animals (lig.
S9D), corresponding with reduced plasma cho-
lesterol levels (fig. S9A). However, these bone
marrow recipienis did not display alicred ex-
pression of macrophage ApokE (fig. S9F), which
indicates that LTER signaling might not work
through the regulation of ApoE expression on
macrophages.

Because our resulis showed a direci effect of
LTBR signaling in dyslipidemia in LOLR
mice, we further tested the effects of thempeutic
njection of LTER-Ig protein. Afier weekly doscs
of LTER=lz for 12 weeks on a high-fat diet,
LDLR™" mice showed a substantial reduction
in total cholesterol (7 < 0001 ) and inglyeerides
(P =000y (Fig. 4, A and B). Fast protein liguid
chromatography (FPLC) analyses of the plasma
lipoprotcins revealed that LTRR-lg treatment
reduced levels of VLDLe (P < 0.01) and LDLe
(P < 0.05) without perturbing levels of HDLe
(Fig. 4, C and D). However, in the absence of
adaptive immune cells in LDLR™ RAG-17
mice, or without natral killer (NK) T cells in
LDLR™ CDId™" mice, lipid levels are partially
reduced and the same reatment was not effective
in causing further reduction (fig. 510). These data
imply that T eells, especially NK T cells, might
be the major source of LT and/or LIGHT in pro-
moting hyperlipidemia in LDLR™ mice.
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Real-time quantitative polymerase chain reac-
tion ( PCR) analyses revealed an increase of HL
expression i the bvers of mice treated with
LTRR-lg (/= 0.05) (Fig. 4E) which may have
contributed 10 the deercase in VLDLe levels
observed in these mice, These data suggest tha
amtagonism of the LT-LIGHT signaling pathway
can increase HL expression and amcliorate the
dyslipidemia in LDLR-deficient mice,

This study points 1o a complex imeraction
between T cells and liver cells in regulating lipo-
protein homeostasis, mediated by two TNFSF
ligands (LT and LIGHT yand their receptors, Our
data raise the prospect that T cells and T cell
derived ligands might contribute directly 1w the
complex regulation of ipid homeostasis, How-
ever, genes other than ML are also hkely w be
involved in the LTPR-dependent effects we have
observed and will clearly be the focus of uture
studics. Finally, it is possible that LTamodulating

agents may represent a novel therapeutic ap-
proach for the treatment of dyslipidemia
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Structural Basis for Substrate
Delivery by Acyl Carrier Protein in
the Yeast Fatty Acid Synthase

Marc Leibundgut,* Simon Jenni,* Christian Frick, Nenad Bant

In the multifunctional fungal fatty acid synthase (FAS), the acyl carrier protein (ACP) domain
shuttles reaction intermediates covalently attached to its prosthetic phosphopantetheine group
between the different enzymatic centers of the reaction cycle. Here, we report the structure of the
Saccharamyces cerevisiae FAS determined at 3.1 angstrom resolution with its ACP stalled at the
active site of ketoacyl synthase. The ACP contacts the base of the reaction chamber through
conserved, charge-complementary surfaces, which optimally position the ACP toward the catalytic
cleft of ketoacyl synthase, The conformation of the prosthetic group suggests a switchblade
mechanism for acyl chain delivery to the active site of the enzyme.

cvl cammier protein (ACP) and related
Amll‘rsmm shuttling domains are essemial
in many metabolic pathways, including
fatty acid, polvketide. and nonribosomal protein
biosymhesis (/-3). During fany acid synthesis,
substrates ane linkad via o thioester bond 1o the

prosthetic phosphopantetheine (PPT) group of

ACPE In the dissociated tvpe 1 fany acid synthasc
{FAS) systams of most bacteria and plants, ACP
15 a highly abundant, small protein, which sc-
quentially trmmsiers the acyl-chain intenmediates
between the different eneymes during the evelic
reaction (£} The type | FAS sysiems ol mam-
mals, fungi, and some bacteria comprise large,
multifunctional enzymes ino which ACP is
integrated together with the catalvtic domains
(-6}, This leads 1o a drstically increased local
concentration of ACP and of all calvtic do-
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mains and allows efficient catalvsis by shuttling
the reaction imtermediates vom one reaction cen-
ter 1o the next (7, )

Previous structural studies of bacterial and
plant type 11 ACPs and related carricr domains
revealed that the prodeins fold into a Nexible all
a=helical bundle (9-75). A hvdrophobic cavity
formad within the helix bundle of ACP shows
high structural plastcity, allowmg it to accom-
modate thivester-bound acyl-chains of different
lengths (2, 16),

Limited structural information about the
interactions of ACP with calytic eneymes and
the mechanism of substrate delivery is cumently
available (/7). Docking models, nuclear mag-
netic resonance and cryvstallographic experiments
performed in the type 1T FAS system indicated the
importance of the ACP recognition helix o for
engyme binding (J&-24). In the structure of the
fungal aglls 2.6-megadalion FAS complex from
Thermonmvees lanuginosus, we observed weak
¢lecton density in both reaction chambers, pos-
sibly representing dynamically disordered ACP
domains (22} In an attempt to gain additional

information about substrate delivery by the ACP
domain, we determined the structure ol veast
FAS and visualized ACP stalled at the active
site of ketoacyl synthase (KS) the subsimte-
condensing enzyvme in the complex.

The Sacoharomoes cerevisiae FAS crystal
structure was solved by molecular replacement
using the T lamuginosus FAS coordinates (23).
The comparison of the two homologous FAS
structures reveals only minor structural  differ-
cnees (Fig, LA, figs. S6 and 57). Both atomic
mioddels compnse the full set of cnalytic domains
invordved i the fanty acid dongation eyele with
an identical onganization of the catalytic sites,
which are pointing toward the inside of the reac-
tion chamber. The small structural differences
between the two FASs, which erystallize in differ-
ent space groups and under distinet conditions,
support the model for subsimie shuitling without
the need for large conformational changes of the
cnymatic domains in the complex during the
reaction cycle (8, 220, In veast FAS, we were able
to identily interpretable ¢lectron density for the
ACP domains at the base of the chamber. closc o
the catalvtic clelt of the KS domain (Fig. 1A and
fiz. S1). Each of the three ACPs per reaction
chamber is N-terminally anchored 1o the chamber
wall and Ceterminally atached o the middle of
the central wheel (Fig, 1B).

The structure of the yeast ACP domain is
about twice the size (18 kD) of the (rec-sianding
bacterial ACP (Fig. 2A) Fungal ACP s all o-
helical, and the four N-terminal helices super-
impose well with structures of plam and bacterial
homologs (/2. 16), thereby defining the ACP
core (Fig. 2A and fig. $2)(/6). Serne S"™ wepese
is located in a loop between helices oT and oS,
the later corresponding 1o the ACP recognition
helix (Fig. 2A). This residue has previously been
identificd as the atachment sie of PPT by
genetic and biochemuical expenments (24-27),

Extending from the position of serine
S1  emsen unbiased clectron density maps
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show the phosphate and pantoic acid moleties
of the prosthetic group reaching into the active
site ¢left of KS (Fig. 2B). This conformation
differs considerably from the one observed in
the structures of Escherichia coli ACP in com-
plex with acyl substrates (Fig. 2A) (/6). In
these complexes, the PPT moictics are rotated
inward, and the acyl chains are buried in a
deep, hydrophobic pocket formed by the ACP
core, which may represent the transpont form
ol acylFACP during substrate shuttling be-
tween the differem catalvtic domains, Notably,
an empty hvdrophobic pocket is recognizable
also in the yeast ACP structure in complex
with KS (Fig. 3A).

The N- and C-terminal tethenng points on
fungal ACP are opposite the site of the pros-
thetic group attachment, which maximizes the
distance between the thiol group of the PPT
arm, where the substrates are covalently bound,
and the site where the flexible linkers are at-
tached (Fiz. 2A and 3A). This organieation
may also prevent the flexible linkers from in-
terfering with ACP binding 1o the eneymes and
substrate delivery.

The KS active site is located close o the

approaching PPT arm ol ACP and consists of

a catalvtic mad involving residues ('m’gmﬂ.
H'** sy and H % kg (Fig. 2B), The crit-
ical role of the catalytic cysteine has been es-
tablished in yeast FAS by biochemical labeling
and genetic experiments (24, 26, 28). Lysine
K'mm,&-. may also contribute o catalvsis, be-
cause, In bacteria, a cormesponding Ivsine s
critical for decarboxylation ( 29),

We observe two major contact arcas betwoen
fungal ACP and KS: The first involves the ACP
core, including the ACP recogmition helix ol
which contacts residues sumounding the entrance
to the active site cleft of the KS core fold (Fig. 38
and figs. 82 and 53). This contact is consistent
with the expenments, which demonstrane that the
bactenal ACP recognition helix s important for
engyme binding (/8-21). The second is formed
between the additional pant of the ACP domain
and the large spoke of the central wheel, which
consists of KS expansion scgments (Fig, 3B).
Notably, both subunits in the fungal K5 dimer
contribute o both ACP comact areas (figs. 83
and S4), The imeractions of ACP with the
condensing enzyme indicate a more directed
mechanism for substrne delivery, rather than
incidental binding off ACP-lmked substrates 10
the KS active site.

Strong evidence indicates a physiological role
for the observed interactions: (1) 15 we model the
remaining Pralanine and eystamine moictics of
the PPT amm in a stercally rasonable manner,
starting from the observed pantoic acid moiety,
the 18 A-long prosthetic group extends direetly
into the KS catalytic eleft and terminates next 1o
the catalvtic cysteine C"*P kg (Fig. 2B). (i)
ACP has patches of positively charged surface
residucs that interact with complementarily
charged residues near the cell entrance and in
the large spoke olthe central wheel (Fig. 3C). (iii)
The residues that mediate the interactions are
highly conserved in both the ACP domain and
the reaction chamber (fg. S4D). (iv) We also
observe weak electron density Tor ACP al a

Fig. 1. Three ACPs are stalled in each of the two reaction chambers in the heterododecameric yeast
FAS complex. (A) The superposition of the yeast (green) with the T. lanuginosus (light blue) FAS
structure reveals a very high homology (the root mean square deviation between 19725 C, atoms
is 1.7 A). Although ACP is disordered in the T. lanuginosus crystals (22), it is visible in yeast (red).
One type of four-helix bundle at the periphery of the central wheel could only be built in T. lanuginosus FAS
{indicated by an asterisk). (B} Anchoring of ACP within the reaction chambers. The ACP domains,
shown as red surfaces, are located between peripheral and central anchors, which are displayed as
green ribbons. The flexible linkers L1 and L2, which double-tether ACP, are not seen in the electron
density map but are schematically shown as dashed yellow lines. The refined portion of the PPT

prosthetic group of ACP is shown in black.
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similar position above the KS in T fanmeginosns
FAS crystals (22),

Although nght and preferential binding ol the
ACP domain to one of the catalviic domains
would interfere with efficient substrate shuttling,
energetically  balanced, low-allinity  guiding
intcractions for all active sites would facilitate
transfer of substrates and imenmediates within the
rcaction chamber. I is not clear why the substrate-
depleted multicnzyme in the erystal has stalled
at this particular stage ol the reaction, One pos-
sibility is that under the ervstallization condi-
tions, which favor protein-protein ineractions,
ACP has a higher aflinity for the KS than for
other catalvtic sites,

Our nesults sugeest a model of how ACP
could first bind 10 the surdace of the reaction
chamber, close to the KS active site, and then use
its Nexible prosthetic anm 1o thread the acy ] chain
into the deep catalvtic cleft. In a switchblade-
like mechanism, the PPT arm carrving the acyl
chain initially buried within the hydrophobic

Fig. 2. Structure of yeast ACP bound to the K5
catalytic cleft. (A) The prosthetic PPT group
spheres) covalently attached to the ACP core
lcyan) adopts an extended conformation in the
fungal FAS complex. The ACP core forms a com-
pact domain with an additional four-helix bundle
lgray), rendering fungal ACP considerably larger
than the bacterial counterpart (blue, shown in the
same orientation}. During interdomain substrate
shuttling, the PTT arm might fold back on ACP
larrow), thereby inserting the agyl chain into a
cavity formed by the ACP core, as observed in the
isolated £. coli ACP structure (16). (B) Detailed
view of PPT bound in the catalytic cleft of KS. The
unbiased threefold averaged £, = F,c simulated
annealing omit map (green) shows ACP and the
phosphate and pantoic acid (PA) moieties of the
FPT prosthetic group. Modeling of the additional
PPT part shows that the catalytic residues of KS
can easily be reached. KS1 and K52 form the
dimer te which ACP is bound.
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Fig. 3. Mode of ACP binding to the central wheel and the catalytic cleft
entrance of KS (gray). (A) The extended prosthetic PPT group (magenta)
of ACP (cyan) reaches into the catalytic pocket of KS (asterisk). Distal to
the PPT arm, ACP is flexibly tethered to the central hub (green dot) and
the peripheral anchor (dashed circle) at the interior of the dome (brown).
(B) Top and bottom views of ACP bound to the entrance cleft of KS via its
core part and contacting the central wheel with the additional part. (C)
ACP binding is mediated by complementarily charged patches, as
visualized by the electrostatic surface potential of the contact areas

(blue, positive; red, negative).

ACP core would fip into the KS elefi (Fig. 3A).
The binding of the ACP domain o0 KS might
even have a more active role in the threading
mechanism by stabilizing the Mipped-out con-
formation of the loop to which the PTT am 15
attached. It 15 noteworthy that the expansion
segments of the fungal FAS structure do not
merely serve as passive scaffolds for the ar-
rangement of the catalvtic domains within the
complex, but also guide ACP-bound subsirates
to the K5, A comparable mode of action mighi
also exist for the other catalyvtic domains in the
FAS complex.

The assignment of the ACP domain also
allows us to precisely define the amino acid
sequence of the Manking linkers L1 and L2,
which are lexible and not visible in the electron
density (Fig, 1BL An analvsis of the upstream
44-amino acid-long, alanine- and proline-nich,
LI hinker sequence of fungal FAS tvpe | ACPs
reveals a striking resemblance to other carrier
domain tethers, such as the biotin carboxy | carrier
protein (BCCP) of the acetyl-cocnzvme A car-
boxylase (ACC) and the lipoyl domains of the
pyruvate dehydrogenase (PDH) complex in £
colf (fig. $5)(30). The fact that the linkers in the
FAS complex and PDHACC complexes have
similar composition in spite o completely
different folds of the ACP and the lipovl BCCP
domains suggests that they may have evolved
convergently in fungal FAS and in the other
multicnzyimes,

The structure of the yeast FAS complex

presented here shows the direct interaction of

ACP with one of the key catalytic centers in a
milti functional enzyme and suggests a model for

13 APRIL 2007 VOL 316 SCIENCE

substrate delivery that might apply o the other
catalytic domains as well. These resulls also pro-
vide an excellent basis for future biochemical and
genelic experiments in veast, which is a well-
chametenzed model onganism.
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Structural Insight into Pre-B
Cell Receptor Function

Alexander ]. Bankovich,! Stefan Raunser,® Z. Sean Juo,®** Thomas Walz,®

Mark M. Davis,™*3 K, Christopher Garcia™****

The pre-B cell receptor (pre-BCR) serves as a checkpoint in B cell development. In the

2.7 angstrom structure of a human pre-BCR Fab-like fragment, consisting of an antibody heavy
chain (HC) paired with the surrogate light chain, the "unique regions” of VpreB and 25 replace the
complementarity-determining region 3 (CDR3) loop of an antibody light chain and appear to
“probe” the HC CDR3, potentially influencing the selection of the antibody repertoire. Biochemical
analysis indicates that the pre-BCR is impaired in its ability to recognize antigen, which, together
with electron microscopic visualization of a pre-BCR dimer, suggests ligand-independent
oligomerization as the likely signaling mechanism.

cells waverse regulatory checkpoinis
B to ensure that their surface-cxpressed

antigen-specilic B cell receptor (BCR)
is functional yet not awtorcactive (f). Upon
antigen recognition by the BCR, a B cell be-
comes activated, expands clonally, and advances
to the plasma cell stage, where it seeretes soluble
antibody. Before antibody genes can be tran-
seribed. each B cell must productively rearrange
one HO and one light chain (LC) gene (2). Alter
HC expression but before the LC is reamanged w
form the mature BCR, the pre-BOR is expressed
(3. 4 In a Nunctional pre-BCR. two invariant
proteins, A5 and VpreB, form a heterodimer
called the surrogate light chain (SLC) that pairs
with a rearranged HC (5- /),

Not all rearranged HCs can pair with the SLC
to fomm a pre-BOR (1), but the siructural basis of
selection and painng is unkoown. In mice, only
hall of the in-lrame reamanged HCs pair comrectly
with SLCs (/). Only those B cells that express
an HC capable of painng with the SLC undergo
clonal expansion (/2-/3). which enriches for
HCs that are capable of BCR formation (/6),
Humans that lack 35 have a major block in B eell
development, decrcasing peripheral B cell
numbers by more than 9% (/7). &3-deficient
mice have a less severe phenoiype, but B cell
development remains substantially delayed (/%)

The overall architecture of the pre-BCR s
shown in Fig. 1A, The SLCHC pair presumably
contains a similar architecture of immuno-
alobulin (lg)-like domains as a Fab, but the
nonpolymorphic YpreB and &35 are predicted w
have divergent p-strand topologies in comparison
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to canonical lg-domain sequences (6), The N
tenminus oF &S and the C tenminus o VpreB have
“unique regions” that share no sequence sim-
tlarity W known prolemns nor have a counterpar
in other lg receptors. Yet, functional studics
implicate these unique regions as being essential
1o pre-BCR function (/9-214). Both the pre-BCR
and BCR signal through interaction with a het-
crodimeric signaling complex, lga/lgB. which
has intracellular segments comaining imimuno-
receplor tvrosine-based activation motifs (1TAMs)
that interact with downstream  adaptor and
effector molecules (22). In the mawre BCR,
antigen engagement leads o receptor clustering
and activation. However, it remains unclear
whether pre-BCR signaling dunng normal B ccll
development 15 ligand dependent. On the one
hand, several putative extracellular higands have
been wdentified, such as galectin-1 in humans ( 200)
and heparin sulfaie in mice (/9). On the other
hand, unique region-dependent, homotvpic pre-
BCR aggregation alone is capable of initiating
downstream signaling events (27).

To gain swuctural insights into pre-BCR
biology, we expressed and crvstallized a soluble
form of the human pre-BCR analogous o the
Fab of an antibody (dashed box in Fig. 1A).
This “Fab-like”™ pre-BCR was scercied from
baculovirus-infected insect cells by triple co-
infection of recombinant viruses encoding an
ovalbumin (OVA)-specific human HC [variable
region of Ig HC (Vi) and domam 1 ol the
constant ponion of the lg HC (Cyl)], 25, and
VpreB, We erystallized a monomeric form of the
pre-BCR with the A3 N terminus truncated by 36
residucs and determined the structure o 2.7 A
{the complex with intact A5 forms a dimer that
will be discussed later). The pre-BCR adopts an

overall quatemary structure that is reminiscent of

a Fab. The SLC heterodimer proteins VpreB and
&5 replace the Ig LC variable and constamt re-
wions (Vi and Cp Yol'a Fab, respectively (Fig, 1B).
The VpreB domain forms a canonical Vetvpe Iz
fold that mcludes P strands a o (23 However,
the VpreB polypeptide g strand is replaced by a
portion of the N-terminal unique region of A3
that completes the bottom B sheet of the Vetype

REPORTS

g fold (Fig. 1C) In this armangement, the A5
unique region substitutes for the J region of a
normal Vi that ollows LC CDR3 (CDR3-L)
and 15 mvolved in the ViV interface. This strand
swiap, which was previously predicted from ho-
mology modeling (3, 24, has no counterpan in lg
domeins chamctenieed 1o date, In accord with the
obligate nature of SLC heterodimer formation (7).
the imerface between VpreB and the 25 B stand is
extensive, burying ~ 1000 A% of surface arca and
lorming 16 hydrogen bonds (Fig. 1D), The A5
strand exits from the base of Vpreld and enters the
45 constant domain, The 4.3 structure is similar 1o
a Fab Cp domain (82% identity and 1.4 A rool
mcan square deviation ),

The region of the pre-BCR that s analogous
tor the antigen-binding site of antibodics contains
surface-exposed loops similar to the CDRI-L
and CDR2-L of a Vi (fig. S1). However, as their
sequence divergenee from antibodies would pre-
dict, neither loop adopts any of the known ca-
nomcal LC CDR structures (23). In the pre-BCR
structure, the CDR3-L of'a V_is replaced by two
unconnected, frayed polypeptide chains com-
prising the unigue regions of A5 and VpreB
(Figs. 1C and 2B and fig. 82). The proteolytic
sensitivity of a portion of the A3 unique region,
which is Naecmminal o the swappad § strand,
suggests that this scgment of the molecule is
highly accessible and fexible (Fig. 1B). How-
ever, we were able to idemtify 11 ordered amino
acids of the C-terminal unique region of VpreB
in the electron density maps, This chain protrudes
from the antigen-binding site, extends over the
wop of HC CDR3 (CDR3-H), and obscures the
antigen-combining region of the HC (Fig. 2, A
and By, The extended VpreB unigue region strc-
ture is stabilized by a salt bridge between VpreB3
residue Glu'™ and HC residue Arg™ (asterisk in
Fig. 2B). alihough, as a result of the surface
exposure, it may assume allernative confonma-
tions when complexed with different HCs [the B
factors for this segment are not higher than those
ol the rest of the structure (table S2)).

We compared the mode ol interaction be-
tween HC and SLC in the pre-BCR o that be-
tween HC and LC of all (seven) antibodies in the
Protein Data Bank (PDB) database (Fig. 20, fig.

52, and table 513 that contam the same number of

resicducs (12) n their CDR3-H as doces the HC n
our pre=-BCR structure. The pre-BCR. exlubits a
decrease of ~30% in the number of variable
domain interface contacts (hvdrogen bonds and
van der Waals interactions) in companson 1o this
pancl of Fabs (e.z. 33 versus 80 contacts lor
100X} and yet burdes more surface arca than

most ViV pairs (915 A% versus an average of

%25 A%) (table S1). This result is due to a net loss
of interactions between the SLC and HC frame-
work residues, but there is a gain in the extem
ol the overal | SLO/HC mterface due to the SLC
unique regions blanketing the HC CDR3-H
(Fig. 1B). Consistent with the SLC unique regions
probing CDR3-H sequences, we found more con-
tacts (11) between the SLC unique region nes-
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idues and CDR3-H than between CDR3-H and
CDR3-L in representative Fab structures fan
average of four) (table S1)

The CDR3-H loop 15 extended i the pre-
BCR, allowing it 1o simultancously interact with
SLC CDR2, the unique regions of VpreB and A3,
and other HC framework residucs (Fig. 2, B 1w

D). In contrast, in a Fab, the CDR3-H generally
makes comact with only a small portion of the Vi
CDRI and CDR2 loops (fig. 53, A and B). The
expansive CDR3-H interactions in the pre-BCR
are cnabled, by fewer structural constraints im-
posed on the extended and apparcntly flexible
unigue regions of VpreB and 23 (Fig. 2, B and

C, and fig. 52B), as compared 1o the more con-
strained closed-loop structure of a Fab CDR3-L.
Such structural plasticny could pormint unique
regions o adapt 1o diverse CDR3-H sequences
and loop lengths,

The pre-BCR appears 1o influence the Vi
repentoire (1.c., CDR3-H sequences) of HCs n

Fig. 1. Overall structure of the pre-BCR. (A) Cartoon representation of the
pre-BCR complex with the Fab-like arm of the pre-BCR that was crystallized
{dashed box). (B} Ribbon representation of the pre-BCR structure [dashed
box in {(A)]. Three protein chains are included in the model: VpreB (yellow),
5 (magenta), and HC {blue). Missing portions of the molecule are indicated
with residue numbers and dashed lines at the N terminus of A5 and the C
terminus of VpreB. (C) Schematic representation of the V-type Ig fold formed

£

by VipreB and 15. [i strands are designated by arrows labeled a to g. VpreB
loops that are homologous to Fab CORs are labeled. The dashed rectangle
indicates the portion of the structure shown in (D). The red line with "55"
indicates the intracellular domain disulfide bond. (D} 2.7 A electron density
map (og-weighted 2F, — F,, where £, and F, are the observed and calculated
structure factors; contoured to 1.2c) showing the a and [ strands of VpreB
and the g strand of 35.

Fig. 2. The pre-BCR CDR3-H sensing site. (A)
Surface representation of the pre-BCR structure
in the same orientation as shown in Fig. 1B, The
VpreB unique region exits out the top of the
domain, lying over the HC antigen-combining
site. (B) Contact residues (29) within the SLOCHC
interface zoomed into the region demarcated by
the red dashed box in (A). The main chain is
depicted as ribbons with contact residue side
chains as sticks. SLC, red; HC, blue. Asterisk
designates the interchain salt bridge between
WpreB and HC. (C) At left, the CDR3-H (blue sticks)
from the HC on the surface of the VpreB/A5 seg-
ment of the SLC, showing the extent of interactions
between CDR3-H and the VpreBfi5. The contact
footprint between CDR3-H and 5LC is highlighted
in red. To the right, a similar projection of the
CDR3-H on the surface of the LC of a Fab. The
contact footprint between CDR3-H and LC is

highlighted in red. The CDR3-H sequence is added
below both structures with the region shown in
sticks highlighted (blue letters). (D) Residues
demarcating the human pre-BCR CDR3-H sensing
site. COR3-H with side chains (blue), 1.5 (magenta),
and VpreB (yellow) are shown. Pre-BCR side chains
that vary between human and mice and contact
CDR3-H are shown in cyan. The dashed line indi-
cates a hydrogen bond. Below the structure, a
table of amino acid differences between mice
and humans in the region of the COR3-H sens-

ing site is appended.

R IE] Tan_ His
L[
HYYYYYGMDVW WVLDYYGMDYW 5 1] Ty
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the mature B cell population ( £/ ). We crvstallized
a human pre-BCR, but the majonty of genetic
data on HO repertoare sclection 15 denved from
munne studies. Companson o the HC reper-
toires selected by mouse and human cells reveals

that muring CDR3-H sequences contain a sig-
nificantly higher frequency of tyrosines and are,
on average, two aminoe ackds shorter than the
human CDR3-H (26). The mouse and human
VpreB proteins are 73% identical, and the A5

REPORTS

Pestrand insertion is 73% identical. Also, mice
have two VpreB proteins (VpreB 1 and VpreB2)
that arc 97% identical, diflering nt_};miilinm 0.5,
and 103 for VpreB1 (Leu”, The', GIn'™) and
VpreB2 (Ser’, Asn’>, His'™) from human VipreB
(Lew®, The'®, Ser'™), In our pre-BCR structure,
positions 9 and 73 are distal 1o the interface with

A AU OVA-1 Fab-SLGC B w OVA-1 Fab HC and arc therefore unlikely to mediate pre-BCR
= .§ g e assembly. The remaining residue, Ser'™, s lo-
1 - i = . L

s 200 ; 300+ cated direetly above the CDR3-H residue (Tyr'™)

.'I ﬁ J ' ﬂ (Fig. 2D} and is lll'li.‘l.‘l:r{lrl.' l.:'II.IM': umnngh o rl1|:|_v
| 1501 :x: a structural role in engaging and influencing
':. ] 50 CDR3-H sequence composition,
; %0 100 150 200 2% ;j - 120 250 %0 'I'm._r pre-BOCR m_i;hu::; make extensive con-
Time (seconds) Time (seconds) tact with ['DII;—II in our stucture: Ser in
Fovmis P e A E iy D VoneR Sor T
OVA-5 Fab-SLC Ay OVA-5 Fab VpeBaud Hig an A5 (Fig. 2D), Vel ”‘:’5
2000 imteracts with the Orst two residues of CDR3-H
ik {Tg.'rm“:I and Ty ), whereas 15 His® is -
1 ) sitioned at the C teminus of CDR3-H, and so
' together they bracket the CDR3-H. Along with
- the Ser'™ position, these residues may demarcate
o e o b e Pl =) I:I1|:‘ t'u.uu.'ldulr}" u-!lu.l‘_‘( DF:_I?-II_.huF:m:lg site” for
ey —— Tere ( " !I( repertoire se cetion (Fig. 2, C an [?}_ TJTu}-_
in tandem with the many complex biological
QOVA-6 Fab-SLC AU QOVA-6 Fab mechanisms that regulate B cell development, we
e - suggest that the SLC unigue region ch_i:luu:i in
L O O proximity 1o CDR3-H may play a role in influenc-
' ] e ing the observed sequence differences between
_ S0 the CDR3-H repertoires in mice and humans,
."'"'_'_-_' a A 3 5 FeTe] T e v fryges ¥
] o s - ey mm -I:]'h. CDR3 Il_uj g-..rmlsl}u., HC is t]'h: focal |'Iu:||ul
0 lor sequence diversity, with the rest of the HC and
Tima (seconds) Time (seconds) SLC being nonpolymormphic. including interfacial
Ay OVA-specific Fab-SLC OVA-specific Fab n_:si-.!uf:s Iwm_-.-u:_n |_I1;: RL( :uy.l the | I(‘._Tlum the
R e site of HC diserimimation is likely localized to the
—r - *'"'—:1 CDR3-H.
F T To address whether the pre-BCR is capable of
recopnizing antigen, we engineered a pre-BCR
L | by pairing the SLC with an HC of defined anti-
gen speci licity. We used OVA-specilic germline
100 50 200 =0 s I senelics imi i i

= .. : HC :_-I__i_rmn L.l.tl:u..m.jliy limited mice (et .ml.!
few ) containing one transgenic human HC
c locus and the mouse & LC locus (27). The
Heavy Chain CDR3H Sequence Fab K, (uM) | preBCR K, (uM) antibodies produced by these mice in response
o primary immunization achicve antigen spec-

OVA-1* FRLGHT --=--- FOINGIG 40 >>400 Pl o o .
ificity exclusively through different CDR3-1H
OVA-5 WEYRONFL - - - - FIYNGOG g9 400 sequences, showing that antigen recognition
can be accomplished by diversity in only one
QVA-6* R S 1 NB of the six CDR loops. For pre-BCR binding
OVA-specific AT e e 10 NE cxpc.n_lmml_-:'., we chose a n:uwi ol m_ur OVA-
specilic HOs from these mice and pared them
HEL-1" HVRESSWEFY YGMOVWGOG NB NB with an imvariant Al LC or SLC to produce Fab

and pre-BCR, respectively (Fig 3, A and B).
These nonsomatically mutated Fabs recognize
OVA with an affinity ranging from 9 1o 40 pM
by means of surface plasmon resonance (SPR).
whereas a hen egg-white lyvsozyme (HEL)

specific Fab exhibited no detectable binding
(Fig. 3, B and C). For pre-BCR complexes of
the same HCs and SLC, the highest alfinity
observed was 400 M, essentially at the Limit
of detection for SPR (Fig. 3, A and C). To et
the effcet of LC diversity, we paired the OVAS
HC with an LC containing a point mutation in
CDR3-L and found that the Fab retained binding,
confiming the primacy of the CDR3-H in

Fig. 3. Antigen-binding properties of pre-BCR versus germline Fab. (A) SPR sensorgrams for OVA-
specific HCs in complex with SLC to form potentially “antigen-specific” pre-BCRs, which we term
Fab-SLCs. Four different OVA-specific HCs are paired with SLC. The analyte concentrations shown
are 400 (purple), 200 (blue), 100 (green), 50 (magenta), and 0 uM (red). Average resonance unit
(RU) fits (horizontal black lines) used for steady-state affinity calculations are shown lor the top two
panels. COR3-H differences are denoted by the color of the star in the schematic and the label
above the sensorgram. (B) SPR sensorgrams for the same four OVA-specific HCs as in (A) but now
in complex with the invariant »1 LC to form a germline Fab that binds to OVA. In the top panel, 1:1
Langmuir binding affinity curve fits are shown, whereas steady-state kinetic fits (horizontal black
lines) are shown for all other panels. The analyte concentrations shown are 100 (purple), 50 (light
blue), 25 (green), 12.5 {magenta), 6.25 (blue), and O pM (red). (C} Summary of SPR results. Of the
four Fab-5LCs tested, two did not bind, and two others exhibited binding whose affinity was =40
times less than that for the homologous Fab. Ky, dissociation constant; NB, no detectable binding.
Asterisk indicates HC sequence notation [from (27)].
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Fig. 4. The minimal signaling A

unit of the pre-BCR is a ligand-
independent dimer. (A) Pre-BCR g
with intact SLC unique regions is E
a dimer. Results of size exclusion &
chromatography (Superdex-200, g

Amersham) [with retention vol- ;i

ume (ml) on the x axis and size

standards included] is shown. (B)

S05—polyacrylamide gel electro-

phoresis analysis of the gel fltra-

tion demonstrated that the dimeric B
peak is enriched for full-length A5,
whereas the monomeric peak is
deficient in full-length &5. Trun-
cated .5 comigrates with VpreB on
this gel. (C) EM negative stain
analysts of dimeric pre-BCR based
on ~5400 particles. The top panels
show class averages (see Methods
and figs. 57 and 58), and the
bottom panels show schematic
interpretations based on the crys-
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tal structure. Scale bar, 10 nm. (D} Model of the full-length cell-surface pre-BCR as a signaling active dimer that is consistent with EM and functional studies. The pre-
BCR Fab-like dimers resolved by EM are boxed, and the elbow and dimer interface angles are modeled to represent the range of angles observed in EM classes.

antigen recognition (g, 84) (28). These results
suggest that the pre-BCR cannot recognize
protein antigens in a physiologically meaningful
way, but we cannot rule out this possibility Tor
highly abundant antigens or lor small mole-
cules. The decrcase in antigen binding of the pre-
BCR is comsistent with the structure of the VpreB
Caeminal unigque region, which extends over
the antigen-combining site and could partially
block antigen binding (fig. 55).

Because antigen engagement docs not appear
to play arole in pre-BCR signaling, we revisited
the concept of pre-BOCR. oligomerization with our
recombinant pre-BCR. Fab-like  mgment. Siece
exclusion chromatogmphy of the soluble pre-
BCR vielded two peaks (Fig. 4A) with HC. A5,
and VpreB ina 1:1:1 stoichiometric mtio, which
clute at the positions for a dimer and a monomer,
respectively. In the monomer peak, the A5 unigque
region was proteolvtically truncated (Fig, 4A),
Subsequent recombinant truncation of A5 and
VpreB unique regions resulted solely in mono-
mer fomation (fig. 56, A and B). Thus, perur-
bation of the unigue regions disrupts dimenzation,
These data hkely explain why a previously ne-
ported recombinant form of a pre-BCR Fab-like
fragment, in which the YpreB and A3 were syn-
thetically fused o create a “single-chain™ SLC, was
a monomer by gel filimiion. The ability of the
purified recombimant pre-BCR to dimenae indi-
cates that accessory proteinis) are nol nequired for
dimenation, and, by extension, pre-BCR sigml-
ing through multimerization can occur in a ligand-
independent Bshion.

Although we were unable 1o crystallize
the dimeric lorm of the pre-BCR, we under-
took clectron microscopic (EM) studics of the
pre-BCR dimer in negative stain 1o visualize the
oligomernic architeeture (Fig. 4C and ligs. 57 and

581 A conservative and unbiased analysis of
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both mw grids and several class averages reveals
the pre-BCR dimers (Fig. 4C and figs, 87 and
S8), consisting of two pre-BCR monomers
{ Fab-like modules) connected by a flexible hinge
between the tps of the vanable domains. The
pre-BCR “Fab arms™ in each dimer appear con-
strained o lying on their side, so that we observe
a sideon perspective of the interdimer angle
(Fig. 4C). The angle between the two pre-BCR
molecules ranged from 5° 1o 60°, supgesting a
high level of Qexibility ot the imerface between
the two domains. For cach pre-BCR. dimer class
average, we penerated a schematic model using
the pre-BCR monomer crystal siructune {botiom
panels in Fig. 4C). We then used the A5
truncation data, EM results, and the crystal
structure 10 model the pre-BCR signaling
complex on the cell surface (Fig. 4D). In this
model. cach Fab-like arm of the intact pre-BCR
on the cell surface dimenzes with that of a dil-
ferent pre-BOR., resulting in an extended chain of
sellassociated pre-BCRs on the cell surface that
could signal through the close proximity of their
intracellular domains (Fig. 40).

References and Notes
€, €. Goodnow, ). Sprent, B. Farekas de 51 Groth,
C. G. Vinuesa, Motwre 435, 590 (2005).
5. Tonegawa, Nature 302, 575 (1983).
N. Sakaguchi, F. Melchers, Mature 324, 579 (1986,
A Budo, F. Melchers, EMBO | 6, 2267 (1987).
H. Lanig, K. Bradl, H. M. Jack, Mol Immuncl. 40, 1263
(2004},
F. Melchers et al, immunol. Today 14, 60 (1993).
Y. Minegishi, L M. Hendershot, M. E. Conley, Proc. Nati,
Acod. Sci, ULS.A 96, 3041 (1999),
8. T. Tsubata, M. Reth, [ Exp. Med. 172, 573 (1990).
9. L M. Hendershot, |. Cell Bral. 111, 829 (1990).
10.
1L

mewp

=

&, Pillai, 0. Baltimore, Mature 329, 172 (1987).

E. ten Boekel, F. Melchers, A G. Rolink, immunity 7, 357
1997},

12. D. |. Decker, N. E. Boyle, |. A, Koziol, M. R, Klinman

I immunol. 146, 350 {1991).

13. 1. Bess et al., Proc. Natl. Acad. 5. US.A 98, 1745 (2001).

14, H. Karasuyama ef al,, Cell 77, 133 (1994),

15. U. Keyna, G. B. Beck-Engeser, |, Jongstra,
5. B Applequist, H. M. Jack, | Immunal 155, 5536 (1995).

16, ML Milili, C. Schiff, M. Fougereaw, C. Tonnelle
Eur. J. immunal. 26, 63 (1996).

17. Y. Minegishi ef ol., L Exp. Med. 187, T1 (1998}

18, D. Kitamura & ol., Cell &9, B23 (1992).

19. H. Bradl, ]. Wittmann, D. Milius, C. Vettermann,
H. M. Jack, J. immunol. 171, 2338 (2003).

20. L Gawthier, B. Rossi, F. Rous, E Termine, C. Schiff

Proc. Naotl Acad. 5a. USA 99, 13014 (2002).

K. Ohnishi, F. Melchers, Nat. immunol. 4, B49 (2003),

22, L D, Wang, M, R, Clark, Immunology 110, 411 (2003),

23. P. Bork, L Holm, C.Sander, L Mol Biol 242, 309 (1994).

24. A Kudo, 5. Baver, F. Melchers, Prog. Immunol. 7, 339 (1989).

25. B. Al-lazikani, A. M. Lesk, C. Chothia, . Mol Biol. 273,
927 {1997}

26. M. Zemlin ef al., J. Mol Brol. 334, 733 (2003).

27. | L Xu, M. M. Davis, fmmumity 13, 37 (20000,

28. M. M. Davis, Semwn. Immunol. 16, 239 (2004).

29. Single-letter abbreviations for the aming acid residwes
are a5 follows: A, Ala; €, Cys; D, Asp; E, Glu; F, Phe;
G, Gly; H, His; |, He; K, Lys; L, Lew; M, Met; N, Asn; P, Pro;
Q. Gln; R, Arg: § Ser; T, Thr; V, Val: W, Trp; and Y, Tyr.

30. We thank M. Conley for provading human SLC cDNA;
M. Krogsgaard for assistance with SPR; M. Boulanger,
P. Strop, and X. Wang lor assistance with x-ray
crystallography; and M. Winslow and L Colf for critical
reading of the manuscript. This work was supported by
grants from NIH, Keck Feundation, and Howard Hughes
Medical Institute (K.C.G.) and the Stanford Immunology
Program Training Grant (A].B.). The molecular EM facility
at Harvard Medical School was established with 2
generous donation from the Giovanni Armenise Harvard
Center for Structural Blology and is malntained with
funds from HIH {to TW.). Coordinates and structure
factors have been deposited in the PDB (www.resboorg)
with accession number 2H32.

Supporting Online Material

waw.sciencemag orgfogiicontentfull3 165822/ 291/DC1
Materials and Methods

SO Text

Figs. 51 to 58

Tables 51 10 53

References

29 December 2006; accepled 13 March 2007
10,1126/ science. 1139412

wWWWw.sClencemadg.org




Promotion of Lymphocyte Egress into
Blood and Lymph by Distinct Sources
of Sphingosine-1-Phosphate

Rajita Pappu,™ Susan R. Schwab,* Ive Cornelissen,? Jodo P. Pereira

Jean B. Regard,' Ying Xu,? Eric Camerer,! Yao-Wu Iheng,1 Yong Huang,’

Jason G. Eyster,zf Shaun R. Cough lin*t

Lymphocytes require sphingosine-1-phosphate (S1P) receptor-1 to exit lympheid organs, but the
source(s) of extracellular S1P and whether S1P directly promotes egress are unknown. By using
mice in which the two kinases that generate S1P were conditionally ablated, we find that plasma
51P is mainly hematopoietic in origin, with erythrocytes a major contributor, whereas lymph 51P
is from a distinct radiation-resistant source. Lymphocyte egress from thymus and secondary
lymphoid organs was markedly reduced in kinase-deficient mice. Restoration of 51P to plasma
rescued egress to blood but not lymph, and the rescue required lymphocyte expression of
51P-receptor-1. Thus, separate sources provide S1F to plasma and lymph to help lymphocytes
exit the low-S1P environment of lymphoid organs. Disruption of compartmentalized S1P signaling
is a plausible mechanism by which S1P-receptor-1 agonists function as immunosuppressives.

phingosine-1-phosphate (S1P) functions
Su:- an extracellular signaling molocule by

engaging live G protein-coupled recep-
tors, designated S1Py 1o S1Ps, that play a key
role in vascular development and lymphocyte
trafficking among other processes (1) Al-
though S1P is believed 1o be generated intra-
cellularly by all cell types during sphingolipid
degradation (2), the sources of extracellular
SIP in vivo have not been well defined. Lym-
phocvtes exit from Ivmph nodes into lymph
and from the spleen mto blood and are thought
to exit from the thymus into blood. Swdies
with S1P;-deficient mice revealed a necessany
role for this receptor in lymphocyie cgress
from all three organ tvpes (3-6). However,
experiments with 51 P-peutralizing antibodies
and S1P; antagonists have not revealed inhib-
itory effects on lvimphocyte egress 7/, By
contrast, svnthetic S1P) agonisis block lvm-
phocyie eeress and are in clinical development
because of their immunosuppressive proper-
tics (/7). It has been unclear how genetic S1P,
deficiency can have the same outcome as in-
creased S1Py agonism and a different outcome
from S1P; antagonism. Docs S1P act directly
on the lymphocyie 1o promote ceress (4-6, 12),
or does 1t act indircetly, as phanmacological
manipulations of SIPy function might suggest
(712
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Tor investigate the source of extracellular S1P
and clarily its role in egress, we generated mice
deficient in the two engymes responsible for S1P
production, sphingosine kinase-1 (Sphk 1) and
sphingosine Kinase-2 (Sphk2) (2. /3 Because
deletion ol either kinase alone did not have a pro-
found cffect on circultory SIP and combined
deletion led to embryonic lethality al mid-gestation
(P4 17y, we used a conditional gene deletion ap-
proach (fig. S1, A to E) Sphk!™ Spik2™" pups
carrying the Mx 1-Cre transgene were treated 3
1o 5 days atter birth with polyinosine polyeytidylic
acid (pl-pC) to sctivate the Mx1 promaoter and
Cre expression. Such induction of Mx1-Cre

REPORTS

causes eflicient excision of Noxed alleles in hem-
atopoictic cells, vascular endothelium, and liver,
among other organs (Nig. SIF) (/8 [Y). We
further estabhshed that Mx1-Cre s active i
lymphatic endothelium (g, S1, G and H).
pl-pC-treated Sphki™ Spik2™™ Mx1-Cre mice,
hercalter designated “Sphk-delicien”™ mice, sur-
vived 10 adulthood and were indistinguishable
from littermates in appearnee,

By liquid chromatography followed by
tandem mass spectrometry (LOMS/MS), SIP
was undetectable in plasma and lymph ol Sphk-
deficient mice, whereas the concenirations of
S1P in plasma and lvmph of controls were in the
micromodar and the [00-nanomolar mnge, ne-
spectively (Fig. 1A) Sinular differences were
obtined m a bioassay of S1P activity (g, SH).
Furthermore, flow cytometric analysis ol the
lymphocyies that could be identified in blood and
Ivmiph of the Sphk-deficient mice revealed high
surface S1P; levels compared with controls, where
receplor expression was undetectable (Fig. 1B).
S1P,; is highly sensitive to ligand-induced inter-
naliztion, and thymoeyies down-modulate S1P,
almost completely when exposed w 1 oM SIP
(42}, The high surface SIP) on circulating lvin-
phocytes in the Sphk-deficient mice is consistent
with a lack of circulmory SIP.S1P) levels on cells
from the thymus, spleen, and lvimph nodes of
Sphik-deficient mice overlapped with S1Py levels
on blood and lvmph lvmphocytes from these mice
(Fig. 1C and fig. S1)), supgesting that extracellular
S1P is equally low in all sites.

The number of T eells in Blood and Iymph of
Sphk-deficient mice was markedly reduced,
whereas spleen and lvmph node T eell numbers
were similar compared o controls (Fig. 2, A o
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Fig. 1. Sphk-deficient mice have no detectable 51P in plasma or lymph. (A} LUMS/MS quan-
tification of plasma and lymph S1P. The limit of detection in this assay was about 50 aM (5 x 107%
on ordinate). A indicates Sphk2™"" mice in which one Sphk1 allele was null and one Sphk1 allele
was excised; F indicates Sphk2~" littermate controls in which at least one functional Sphki allele
was present. Both A and F mice were treated with pl-pC 3 to 5 days after birth. (B} S1P4 levels on
CD4*CD62L" cells from blood or lymph of the indicated mice, measured by flow cytometry. Shaded
histograms show staining of blood CD4*CD62L" cells with a control antibody. Each plot is
representative of at least three experiments. (C) S1P; levels on CD4*CDé2L™ cells from the
indicated organs. Each plot is representative of at least three experiments.
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). Furthermore, there was an accumulation of

mature T cells in the thyimus without apparent

changes in other thymic subscts (Fig, 2E). These

observations indicate that Sphk s required tor T
cell egress from penpheral ymphod organs and
from the thymus, The presence of closc-1o-
nommal T cell numbers i peapheral lvmphoid
organs despite the defect in thymic cgress could
be due to the persistence of some Sphk-
expressing cells up to a week or more afier binh,.
B cell counts in blood and lymph of Sphk-
deficient mice were also significantly lower than
those in controls (Fig. 2, A and C), although B

cell numbers in the lymphoid organs of Sphk-
deficient mice appeared normal (Fig. 2, B and D,
and fig. S2A) B cell egress from the bone
muarrow, which occurs in the absence of S1P (4),
presumably provided a source ol penpheral B
cells that entered bun failed 1w exit lymphoid
organs m Sphk-deficient mice. It has been
sugeested that SIPy, and thus possibly SIP,
might be needed tor normal lymphocyte devel-
opment rather than for cgress (M) However,
shon-term adoptive transfer experiments indicate
that the defective coress reflects a proximal
requirement for STP (g, S2B),

To determine whether the source of STP that
proanotes lvmphocyte cgress s hematopoictic n
orgin, we performed bone marmow reconstiution
studwes. In lethally imadiated wild-type mice
transplanted with Sphk-deficient marrow, plasma
SIP levels were neduced by 10-fold compared
with controls, although lvmph S1P was nonnal
(Fig. 3A and fig. S3A) The remaining plasma
S1P concentrmtion was above the low nanomaolar
range sufficient to down-modulate lvmphoeyte
SIPy in vitro (/2), and S1Py on blood lympho-
evies remained low (Fig. 3B). Lymphocyie
counts in both blood and lvmph were i the noe-
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Fig. 2. Lymphocytes fail to egress from thymus and secondary lymphoid organs
in Sphk-deficient mice. (A to E) Cell numbers in the indicated organs or fluids from
control or Sphk-deficient mice. Lymph node numbers are for the mesenteric lymph

nodes. All enumerated cells fﬂrept double-positive thL mocytes) were CD&2L™
additionally, splenic CD19"* cells were IgD™ and AA4.1°, and mature CD4 and
CD8 single-positive (SP) thymocytes were (D69, Asterisks indicate P < 0.05.
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Fig. 3. A hematopoietic source supplies most plasma S1P, whereas a
radiation-resistant source supplies lymph S1P. (A to €} Lethally irradiated
wild-type (WT} mice were reconstituted with Sphk-deficent or littermate
control bone marrow. (D to F) Lethally irradiated Sphk-deficient or control
mice were reconstituted with wild-type bone marrow. [(A) and (D)] LUMS/MS
quantification of plasma and lymph S1P in the indicated mice. [(B} and (E)]
$1P; levels on CD4*CD&2LM cells from the indicated organs and fluids,
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measured by flow cytometry. Each plot is representative of at least three
experiments. Experiments shown in bottom graphs in (B) were done on the
same day and used the same background control. [(C) and (FJ] Cell numbers in
the indicated organs and fluids. Lymph node numbers are for the mesenteric
lymph nodes. All enumerated cells were CD62L"™; additionally mature CD4
single-positive thymocytes were CD69', Far lymph, relative concentration (rel.
conc.) was determined as described in (13). Asterisks indicate P < 0.05.
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mal range, and mature T cells did not accumulate
i the thymus (Fig. 3C and fig. S3, B and C).
These data suggest that S 1P i plasma s supplicd
mamly by hematoposctie cells and that SI1P m
lvmph 15 supphed by an mdependent source,
They also suggest that radiation-resistant cells
generie sulliciem S1P w suppon lvmphocyte
cgress into blood and lvmph.

In lethally iradiated Sphk-deficient mice
reconstituted with wild-type bone mamow, the
SIP level in plasma was restored 1o the normal
range, but S1P in lymph remainad undatectable
(Fig. 3, D and E, and lig. S3D), Egress from the
thymus was largely restored: Mature CD4 single-

positive  thymoecytes accumulated only ~50%
above control (Fig, 3F) compared with a greater
than fourlfold accumulanen in Sphk-deficient
mice (Fig. 2EL Although some studies have
suggested thymic egress can occur via lymphatics
(20022, this finding suppons the view that exit
can occur o the blood. T and B cell numbers
were dramatically reduced m the lvmph (Fig. 3F
and fig. 83, E and F), suggesting a persistent
block in lymphocyie egress from Ivimph nodes,
Funthenmore, there was a substantial decrease in
the number of T and B cells in the spleen and
bloodd and an increase inthe lymph nodes (Fig, 3F
and fig. 53, E and F). This suggested tha splenic

REPO

lymphocytes were exiting into the blood, trav-
cling 1o lvmph nodes, and then failing o exit.
resulting i a general block in recirculation.
Because the number of CD47 T cells in the entire
lymph node compartment is substantially larger
than the number in the spleen, their fmctional
doecrease in spleen was casier w0 detect than their
fractional increase in lymph nodes. These data are
again consistent with a model in which plasma
SIP is supplied predominantly by hematopoictic
cells and lymph S1P is dedved from a separate
source(s). Moreover, although the hematopoictic
souree is sullicient 1o support lymphocyte cgress
from thymus and spleen, only the separate Mx |-
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Fig. 4. Plasma S1P promotes lymphocyte egress into the blood in an S1P,-
dependent manner. (A) LOMS'MS quantification of plasma 51P from the
indicated mice. (B) Sphk-deficient or control mice received 0.35 ml of packed
RBCs (about 2 = 107 cells) or vehidle 36 hours before analysis. Plasma S1P,
as well as 51P in the RBC preparation, was quantified by LO/MS/MS. (C) 51P
lyase activity. Tritiated dihydro51P (dhS1P) was incubated with lysates of
RBCs, splenocytes (splen.), or homogenization buffer alone (substr.). The
hexadecanal (Hex) product was separated by thin-layer chromatography and
visualized by autoradiography. Some dephosphorylation of dhS1P to
dihydrosphingosine (Sph) also occurred. Results are representative of three
experiments. (D and E) Sphk-deficient mice were infused intrajugularly with
51P or vehicle for 4 hours. (D) S1P; levels on blood CD4*CD62L™ cells,
measured by flow cytometry. Plot is representative of two experiments. (E)
Blood counts of the indicated cell types were measured before and after
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infusion, and the fold change is plotted. All enumerated lymphocytes were
CD62L™. (F) Experimental design for (G) to (1). (G and H) Cell numbers in the
indicated organs of RBC-transfused or control mice. Enumerated cells were
Cba*cpe2Ll™ in addition, mature CD45P thymocytes were €CD69', In (H),
the left plot shows the number of mature CDASP thymocytes, and the right
plot shows the ratio of the number of mature CDASP thymocytes in the
thymus of a Sphk-deficient mouse to the number in its identically treated
Sphk-sufficient littermate control; each point represents an individual pair.
(1) Mature CD4SP S1P,™ and S1P,* thymocytes were cotransferred into
Sphk-deficient mice that also received RBC or vehicle. Transferred co4*cpezL™
cells were enumerated in spleen and lymph nodes after 36 hours. Four
experiments are shown; lines connect pairs of mice in the same experiment.
Circles and squares in (G) to (I} represent individual mice as indicated in (F).
Asterisks indicate P = 0.05.
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Cre sensitive, rmdiation-resistant source can sup-
port lymphocyte egress from lymph nodes.
Previous studies have suggested that plate-
lets might be an important source of plasma
SIP(23-25). However, NF-E2-deficient mice
had normal plasma S1P concentrations (Fig, 4A)
despite having virwally no ciculating platelets
(26), Analysis of RAG=-deficient mice tha lack
Tand B cells also did not reveal any reduction in
plasma SIP (Fig. 4A). These observations and
our finding that plasma and lymph S1P arc sep-
arately maintained led us w investigae whether
red blood cells (RBUs) are a source of plasma
S1P. Wild-type RBCs (fig. S4 A w0 F) were
trnsferred w0 Sphk-deficient mice in amounts
sulficient to represent at least 20% of circulat-
ing RBCs in the recipients. Within 36 hours of
wild-type RBC transfer, plasma SIP in Sphk-
deficient mice was restored (Fig, 4B and fig,
54061 RBCs have abundant sphingosine Kinase
activity (fig. S4H), as expected (27). Morcover,
although all cell types except platelets have been
thought 1o express the S1P-degrading cnzyme
S1P lyase (2, 24), we observed that RBCs con-
tain minimal lvase activity (Fig. 4C). This low
Iyase activity, together with their abundance,
suggests a role for RBCs as the main source of
plasma SIP and accords with the inability of
Ivase inhibitors to alter blood SIP levels (1.2),
The ability of hemmopoictic cell-derived
SIP w support Iymphocyie egress from the thy-
mus and spleen and the evidence that RBCs are
the major hematopoietic S1P source suggested
that thymocytes and spleen cells cgress in direct
response o plasma S1P. Thus, we asked whether
prowviding SIP in the circulation might be sul-
licient o restore egress of cells from lvmphoid
tissues into blood. SIP infusion imo Sphk-
deficient mice down-modulated S1Py surface ex-
pression on blood T cells and indeed led 10 an
increase in the number of B and T cells in the
blood within 4 hours (Fig. 4, D and E). To
perform longer-term experimenis, we used RBC
translusion. Three RBC iransfusions over Y days
led 1o an increase in plasma but not lvmph S1P
(fig. S41). RBC transfusion by this protocol or
transfusion once with analvsis at 36 hours
produced a decrease in T and B cell numbers in
the spleen and an accumulation e the lvmph
nodes of Sphk-deficient mice (Fig. 4, F and G),
There was also a reduction in the number of
mature T cells i the thymuos that was most
obvious when the data were analyeed as the ratio
of counts from identically weated littermate pairs
(Fig. 4. To test whether the RBC mansfusions
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act by providing S1P o stimulate S1P; on the
lvmphocyie or by some indirect mechanism, we
cotransterred fluorescently labeled /12, and ¥/
(++ or +/-) lvmphocytes into Sphk-deficient
mice, cither 1 day after the third RBC transfusion
in the 9<ay protocol or 12 hours before the
single RBC wanstusion n the 36-hour protocol
(Fig. 4F). RBC tansfusion reduced the number
of 1P cells in the spleen and increased their
number in lymph nodes, but the numbers of
SIPI" cells in the spleen and lymph nodes
were unailected (Fig. 41 These findings sug-
gest that RBC-derived plasma SIP is able 10
prommote lvmphoeyte cgress from the spleenina
manmner that depends on lymphocyte-intrinsic
expression of 1P,

The above findings dentify a previously
unknown, endocnne-like function for RBCs as
a major producer of plasma S 1P We also make
the unexpected finding that plasma and Ivmph
SIP are mamtamed as separate compartments,
Albumin and high-density lipoproteins, major
SIP carriers, are thought to be supplicd o lvmph
from transudated plasma and are present in lvmph
al concentrations within a fewlold of those in
plasma ( 28), Our data suggest that S1P is removed
from transudated plasma and “resupplicd” 10
Iymph by a distinet source, peduaps lyvmphatic
endothelial cells, which we have shown are a
radimion-resistamt Mx [-Cre target (fig. 81, and
H). This may be part of a general mechanism that
keeps SIP abundance in tissues low. ensuring
SIP-receplor-expressing  cells are sensitive 10

loscal increases in S1P as may occur al a site of

tissue injury or inflammation (2, 24).

Taken together, our data are consistent with a
model i which egress from twmus, spleen, and
lvimph nodes is promoted by SIP produced by
radiation-resistant cclls at cgness sites, as well as,
in the case ol thymus and spleen, by plasma S1P.
S 1P at exit sites enables egress by acting on S1P,
expressed by lvmphocyies, In accord with siudies
of S 1Py-deficient mice (4-6), this model predicts
that antagonism of 1Py should inhibit cgress:
the inability of the antagonists reported thus far 1o
do so (740 is likely due to incomplete receplor
blockade or ligand neutmlization, because our
studics ol wild-type mice reconstituted  with
Sphk-deficient mamow revealed that even when
plasma S1P levels were reduced by 95%, lyme
phocyie cgress occurmed normally. This model
also predicts that activation and downe-regulation
of lymphocyie S1Py within Iymphoid tissuc,

cither by clevating tissue SIP by inhibition of

Ivase activity (/2) or by direct activation of S1P,

with the Ivasc-insensitive agonist FTY 720 (/7),
would disrupt comparimentalization of S|P
signaling, which 5 nommally low m ymphoid
organ interstitium and high at exit sites, and inhibit
ceress, Thus, this model accommodates the pam-
dox that 5IP; deficiency and SIPy agonism can
both vicld defective lymphocyte caress,
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Vertical Gel Casting System

www.sciencemag.org/products

The omniPAGE is an easy-to-use, leak-proof mini vertical gel casting system for
protein polyacrylamide gel electrophoresis (PAGE) separations and electroblot-
ting applications. The unit is compatible with all major brands of precast gels
and offers important features and benefits to users. A novel, quick-release clamp
system provides a rapid, simple method for casting mini vertical gels. The
patented sliding clamp mechanmsm means that the sealing and casting of gels is
achieved by sliding two clamps on either side of the glass plates, a process thal
takes seconds. To cast the gel, the glass plates are simply inserted into the unit
and clamps slid across to seal. The insert is then transferred Lo the casting base
and secured down. The gel solution is loaded and once it has set, the module is
placed into the tank for running. This makes gel casting a simple four-step pro-
cedure that is considerably faster than in systems that make use of complicated,
unreliable screw mechanisms or require the transfer of glass plates.

Cleaver Scientific For information +44 (0) 1788 565 300 www.cleaverscientific.com

Microdissection Instrument

The Arclurus laser capture microdissection
instrument is built on the Niken TE2000U
inverted research grade microscope and com-
bines infrared (IR} laser caplure microdissection
(LCM) and ultraviolet (UV) laser cutting in a sin-
gle modular instrument, offering researchers
superior speed, precision, and flexibility.
Because it makes use of the Nikon TE2000U, the
Arcturus is completely modular and upgrade-
able, allowing the system to expand as research
requirements grow and microdissection tech-
nologies emerge. The instrument features exclu-
sive LCM technology and automated image
archiving that takes the guesswork out of
microdissection. Optional high-intensity halo-
gen illumination enables phase contrast and dif-
ferential interference contrast, making the sys-
tem suitable for live-cell applications. Additional
oplions enable system modification for alternate
applications and potential add-ons such as opti-
cal trap laser tweezers for high-precision micro-
manipulation of microscopic particles or an
additional camera for high-resolution imaginag.
Molecular Devices For information
408-747-3533 www.moleculardevices.com

Refrigerated Solvent Condenser

The Speed Trap refrigerated solvent condenser
for vacuum concentrators is designed to
improve the performance of any vacuum con-
centration system through the use of fluoropaly-
mer components thal provide enhanced solvent
resistance and a high-safety plastic-coated sol-
vent collection vessel. The Speed Trap features a
novel, efficient cooled condenser coil. The cold
condenser coils are suspended directly in the
vapor path. Solvent vapors condense directly
onto the coils and run off into the collection ves-
sel below without freezing, even when water is
used. Users can readily see the solvents in the
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trap, and emplying requires no defrosting, The
plastic-coated collection vessel is removed with
a simple quarter turn, allowing users to emply
the cold trap quickly and safely.

Genevac For information 845-267-2211
www.genevac.com

Biomarker and

Drug Imaging Software

Mew flexlmaging 2.0 software is for acquisition
and evaluation of matrix-assisted laser desorption
ionization-time of flight (MALDI-TOF) and TOF/TOF
imaging data. MALDI imaging of tissue samples
with flexlmaging 2.0 allows color-coded wisualiza-
tion of the distribution of biomarkers or absorbed
drugs and their metabolites. Integrating multivari-
ate statistical classifications such as variance rank-
ing, fleximaging 2.0 now provides "Class Imaging”
as an extension to the established "Mass Imaging.”
Class imaging allows the classification of tissue
types and determination of the class membership
of comparable lissues from other individuals or
animals used in drug development. With this soft-
ware, the statistical biomarker and drug and
metabolite data obtained with the Flex series of
MALDI-TOF and TORTOF mass spectromelers can
now be merged easily with molecular images lor
in-depth investigation of the spatial distribution of
relevant marker candidates in tissues.

Bruker Daltonics For information 978-667-9580
wiww.bdal.com

Microfluidic Workstation

The BioRaptr FRD microfluidic workstation is
suilable for assay minialurization applications in
drug discovery, genomics, and proteomics. The
BioRaptr non-contact, high-precision dispenser
delivers increased capacity and speed along with
reduced reagent and consumable costs. The
instrument is designed so the plate moves while
the pipetting head is stationary, creating a

shorter fluid path, for high precision with low
dead volume. Flexible programming is easily
done through an Excel spreadsheet and allows a
variety of reagents to be dispensed into any well
at a range of volumes. The workstation can be
combined with Beckman Coulter's Biomek and
Paradigm systems for high-throughput applica-
tions such as compound screening,

Beckman Coulter For information 714-993-8955
www.beckmancoultercom

Dual-Mode Plate Readers

The Lucy 2 and Lucy 3 are mulli-mode microplate
readers with an emphasis on luminescence and
absorbance capabilities. Lucy 2 operation is con-
trolled by a personal computer. Lucy 3 features an
onboard computer, display, and keyboard for
stand-alone funclion with comprehensive evalua-
tion software. The photon-counting detection sys-
tem features high sensitivity and dynamic range.
Two fast reagent injectors facilitate both flash and
glow-type luminescence assays. In addition,
absorbance reading in the visible range can be
performed. A high-capacity filter wheel of up to
15 filters provides flexibility when switching from
luminescence to absorbance mode for enzyme-
linked immunosorbent assay or similar applica-
tions. The instrument features a fast flash kinetic
mode (with kinetics in the microsecond range), a
luminometric range from 300 nm to 650 nm, and
a photometric range from 405 nm to 650 nm.
Anthos For information +44 (0) 1223 427812
www.anthos-labtec.com

Hewly offered instrumentation, apparatus, and laboratory
materials of interest 1o researchers in all disciplines in academic,
industrial, and government erganizations are featured in this
space. Emphasis is given fo purpose, dhiel characieristics, and
availability of products and materials. Endorsement by Scence
or ARAS of any products or materials mentioned is not implied.
Additional indarmation may be ebtained from the manufacturer
or supplier,
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POSITIONS OPEN

ASSISTANT PROFESSOR
Infections Disease Faculty Position
University of Connecticut

The University of Connecticut imvites applications
for a tenure-track position in the Department of
Pathobiology and Vetermary Science. This position
requines an advanced degree (DY M. Th.D, PhoD.
ar equivalent) and postdoctoral experience, Individ-
uals with expertise in microbial pathogenesis, im-
munology, or pathology of infectious diseases are
encouraged to apply. The successful candidare is ex-
pected 1o establish /maintain an exramurally funded
rescarch program that will complement the existing
programs within the Department and to contribute
to the departmental undergraduoate and graduate

teaching and service missions. The Department of

Pathobiology and Veternary Sdence encompasses a
diverse group of disaplines including pathology,
virology, immunology, and bacteriology.

Review of applications wall begin immediardy and
continue until a successful candidare is identified, Ap-
plicants should elecrronically submit curriculum vitae
and a statement of rescarch interest and teaching phi-
losophy, as well as arrange for three lavers of ree-
ommendation to be sent w: Mrs, Mana Chartier,
Faculty Search Committee Coordinator, Univer-
sity of Connecticut, Department of Pathobiology
and Veterinary Saence, 61 North Eagleville Road,
Unit 3089, Storrs, CT 06268-3089:; e-mail:
maria.chartier@uconn.edu. Information abour the
Department and fculty may be found at the College
website: hups//www.patho,uconnedu, (Search #
2007059.)

The Umiversity of Comectiont & an Equal Opportinity
Employer and Programe Provider and enconrgges applications
froum wvderrepresented groups inclding miinentics, women, and
people with disafsilinies.

FACULTY POSITION in CELL BIOLOGY

The Department of Cell Biology of the University
of Texas Southwestern Medical Center ar Dallas
sceks applications for a tenure-track position at the
level of ASSISTANT PROFESSOR. Applicants
must have a PhD. or MDD degree, ar least two
vears of postdoctoral training, and experience teach-
g human anatomy. Candidates are expected to de-
velop an independent research program. Preference
will be mven to candidates with rescarch programs in
one of the following general research areas: cell biol-
ogy, neuroscience, or unctional morphology. The
successful candidare will be joining a Iligj:lk';- inter-
active and collegial teaching faculty. Applicants
should e-mail their curniculum vitae, the names of
three references, and a brief deseaption of their re-
search goals to the attenton of Dr, Richard Anderson
at e-mail: ch.recruitment@utsounthwestern.edu.
For more mformation go to websives hitp: //
www.utsouthwes tern.edu,/ursw feda /dept251 28 /
ﬁlﬁf”ﬁﬁd.h‘h‘nl. The I-:lmmr'r]' |.|‘ Tecee Sowtlaeecens
Mudical Cirver w3 0 Equel  Choporninrity /A fimratioe Adion
Hiljrlqrr.

ASSISTANT or ASSOCIATE PROFESSOR
Pharmacology

Tenure-track, full-time posinon thar is 100 percent
fully funded by the Instinution. Applicants must have
a 'R, in pharmacology or a related biomedical
discipline, or a DO, or an M.D. degree, and ar least
two years of postgraduate, productive academic
expericnce. Candidates should send complete curnie-
ulum vitae, including reference names, to: Human
Resources, Kirksville College of Osteopathic
Medicine, A.T. Sull University of Health Sd-
ences, 800 West Jefferson Street, Kirksville, MO
63501, The rarger dare for filling the positon is
August 1, 2007,

The AT, Sull Uwiversity of Health Sevenees (ATSU i
Affimrartive Acton/Eqeal Opportumity  LEmploper.  ATSU
docs mot disminnmtte on the bass of rave, oofor, wedigon,
matioenal origin, gemder, age, disabilitg, or stanis as @ Vietmas-
e vetermn i it g aeed eplopnisent proviices,

POSITIONS OPEN

R ] MAYO CLINIC

The Mayvo Clinie Section of Scientific Publications
secks a full-ime MANUSCRIPT EDITOR. The Sec-
tion has offices at Rochester, Minnesota, Jacksonville,
Florida, and Scottsdale, Aneona, and 15 one of the
fargest academic departments of biomedical editing
mn the United States. This position supplements the
currcnt seven biomedical editors and 20 editornial as-
sistants and proofreaders. Candidates should have
sigmificant experience in editing peer-revicwed manu-
scriprs, book chaprers, and NIH grants, A relevant
Ph.DD. degree or substantial academic editing expe-
rience 5 required, Candidares will be expected o
furnish examples of their work so thar the edited man-
wscript can be companed with the unedited copy.
Suceessful applicants will hold a Faculty position at
Mave Clinic College of Medicne (level commensu-
rafe with experience). Excellent salary and benefits.

Send curriculum vitae to:

Rosemary Perry
Administrative Assistant
Scientific Publications
Plummer Building, 5-10
200 First Street 5.W,
Rochester, MN 55905
E-puail: perry.rosemary@mayo.odu

Mirpe Fonndation 65 an Affinnatioe Active and Egqual Op-
portinsity Employer and Educator.

The Department of Surgery at the University of
Pennsylvania’s School of Mediane secks candidates
for an ASSISTANT PROFESSOR position in the
nontenure research track., The successful applicant
will have experience in the ficld of isler transplana-
tion and diaberes research. Responsibilities indude
assisting in the development of a natonally funded
program to study the role of novel approaches for
the treatment of diabetes, as well as contributing to
omgoing research projects in the ficlds of human islet
solation and transplantation and islet physiology
and biochemistry. This is a rescarch-only position,
with no teaching or dinical responsibilitics, Applh-
cants must have an M. and for Ph.D degree.

Candidares must have three vears or more of
postdocroral and Feulty-level or equivalent experi-
enee. Preference will be given to those with a srong
history of successtful rescarch in arcas including, but
not limited o, ransplant immunobiology, pancreatic
whet isolation, and phvsiology of glicose-stimulated
msulin secretion and beta cell regencration.

Mease submit cumculum vitae, a letter of interest,
and references to:

ﬁ-l-i Nﬂii\ M-.D-\ Ph.D.
I. William White Professor of Surgical Research
¢,/ o Meter Atherton
University of Mennsylvania School of Medicine
3400 Spruce Street, 4029 Maloney
Philadelphia, PA 19104-4283
E-mail: athertop@uphs.upenn.edu

Please refer to ad # RschAsstProf. Transplane_0707,

The University of Penmsylianda i an Equal Opportumity,
Affrmative Action Engployer. Women and minority candidates
are stongly enconraged to apply.

ASSOCIATE RESEARCH SCIENTIST and
POSTDOCTORAL RESEARCH POSITIONS,
Department of Medicine - Pul . Podtions
available for highly motivared individuals with Ph.DD.
or M., NIH-tunded studies involve laboratory re-
scarch in mouwse models for lung cancer and the role
of mmor-stromal interactions in mediating  pro-
gression. Two-plus vears of expericnce with mice,
molecular biology, genomics, and cell culoure are pre-
ferpad. Please send curriculum vitae and two letters of
reference e Charles A, Powel, M.D., Department
of Medicine, 630 West 168th Strect (Box 91), New
York, NY 10032; or e-mail: capto@columbia.edu.
Columibie University  akes Affinnatie Adtion tounrd Ll
Employnrens Opportuniry,
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e NATIONAL INSTITUTES OF HEALTH

gov/apply.

Director, NIH Intramural Center for
Genomics and Health Disparities

The National Institutes of Health {N | H] Is seeking to recruft a dynamic and experienced senior
investigator to serve as the founding Director of a new research group within the NIH Intramural Program, which will also
represent a new intramural component of the National Center on Minority Health and Health Disparities (NCMHD). To be
named the KIH Intramural Center for Genomics and Health Disparities (NICGHD), this Center will have a central mission
to advance research into the role of genetics and genomics in health disparities. Additional partnering NiH organizations
include the National Human Genome Research Institute, the Mational Heart, Lung, and Blood Institute, the Mational In-
stitute of Diabetes and Digestive and Kidney Diseases, the Center for Information Technology, and the John E. Fogarty
International Center. The successful candidate will be expected both to lead a first-rate research program and to ad-
vise the MCMHD leadership about the use of genetic and genomic approaches to study and address health dispari-
ties. This fully funded research position will include appropriate start-up allowances, an ongoing operating budget, and
positions for a staff comprised of -10-12 individuals.

DIR). Candidates must have an M.D., Ph.D., or eguivalent degree, and demonstrated accomplishment in genetic and/

or genomic research. Candidates must also have a strong track record of scientific leadership and effective management

Qq. 6'2‘ of a major scientific program. Interested applicants should submit their curriculum vitae, a three-page description of their
HEP* research program, and three letters of recommendation through our online application system, at hitp: // research.nhgri.nih.

:5: At its outset, HICGHD will functionally operate within the NHGRI Division of Intramural Research (see www.genome.gov/

Yoy,
i/ The closing date for this position is June 1, 2007.

Specific questions regarding these positions may be directed to Dr. Andy Baxevanis (5earch Chair) at
% andy@nhgri.nih.gov or by fax (301-480-2634).

Department of Health and Human Services = National Institutes of Health
DHHS and NIH are Equal Opportunity Employers and encourage applications from women and minorities,

coninr 1, Scientific Review Administrator
EI ST (Health Scientist Administrator)
Center for Scientific Review
http:/lems.csr.nih.gov/

Would you like to work with the most sccomplished scientists inyour fiekd to provide
fair and expert peer review of research and training grant applications submitted
to the NIH? The Center for Scientific Review is recruiting dynamic, experienced
reseanch scientists in a variety of scientific arcas. The successful candidate will bea
respected, accomplished scientist with maturity, integrity and outstanding commu-
nication skills, Reguirements include an M.D. ot Ph.D, degree in the biomedical or
behavioral sciences (or equivalent training and experience ), a record of independent
rescarch accomplishments in your field, documented by an outstanding publication
record and administrative background,

The Scientific Review Administrator is at the focal poimt of NIH peer review, SRAs
analyze grant applications for key topic arcas, recruit experts, conduct study section
meetings, and prepare review documents. The position involves travel to scientific
meetings, training in health science administration, opportunitics to serve the larger
NIH community, and career development activitics.

Compensationis commensurate with rescarch experience and accomplishments, and
a full Civil Service package of benefits is available (including retirement and thrifi
plans as well as health, hife, and long-term care insurance).

For information aboul curment opportunities as a Health Science Administrator at

CSR, consult our website: hitp:fems.csenibh.govAbountCSR/Employment/. Feel
free to call (300) 435-1111 as well, if you have any questions.

Postdoctoral, Research
and Clinical Fellowships

at the National
Institutes of Health

www.training.nih.gov/pdopenings

www.training.nih.gov/clinopenings

Train at the bench, the bedside, or hoth

Office of Intramural Training and Education
Bethesda, Maryland 20892-0240
800.445 8283

THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS
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CSIRO

$72K - $97K plus Superannuation
Reference Number: 2007/54

and other research providers.

to practical problems and their solutions

Entomology, BLACK MOUNTAIN, ACT

Testing and developing evolutionary theory using natural populations is abways
challenging. Ve seek a population geneticist who can rise to this challenge,

You will develop and lead research that focuses on population structure and gene
flow in natural populations of invertebrates relevant to major issues for Australia.

In the first instance you will contribute to CSIRO's research in the CRC for National
Plant Biosecurity, with the longer term expectation for you to develop a wider
CSIRO research program with a range of organisms in collaboration with Universites

This position suits an early career scientist keen to establish their own research
group using excellent science to progress theory while at the same time giving insight

THE METHODIST HOSPITAL
RESEARCH INSTITUTE

The Methodist Hospital Research Institute of
The Methodist Hospital, Houston, Texas, secks
an exceptional physician scientist to lead s
effort in clinical research, The Methodisi Hos-
pital System consists of 1,450 beds, including
1000 located in the Texas Medical Center in
Houston, With our partiners at Weill Comell
Medical College and New York-Presbyierian
Hospital in Mew York City, there ane 3500 beds
available forclinical investigation and clinical
trials. The successful candidate will be respon-
sible for organizing amd leading the Institue’s
climeal research in Houston and collaborating
with our Comell and NYP colleagues. We
encourage applications from individuals who
currently lead substantial funded programs
conducting clinical research. The hospital has
entered an unprecedented expansion phase that
includes construction of a 420,000 SF state-
of-the-art research building and a 750,000 SF
ambulatory care building, both designed 1o
foster interdiseiplinary collaboration, The suc-
cessful applicant will receive a generous salary,
fringe benefits, and a relocation package, and
may be eligible for an endowed chair.

Individuals interested in this unigue career
oppoertunity should send via ¢-mail a cur-

For selection documentation and details on how to apply
visit www.csiro.au/careers or phone 1300 301 509.

riculum vitae, including gramt funding infor-
mation o: James M. Muosser, M.D., Ph.D.,
c/o Ms, Ginny Gittemeier, Co-Director and
Executive Vice President, The Methodist

WWWLCSIFO.au

hma ORI Hospital Research Institute; gittemeieria
grantcooper.com: Phone: 636-240-2090;
Fax: 314-726-5204,

. VACANCIES FOR PRINCIPAL INVESTIGATORS
CIC“ | 7 FOR MOLECULAR IMAGING
_ GUNE in CIC blomaGUNE, SAN SEBASTIAN,
BASQUE COUNTRY, SPAIN

Tha Centre for Cooperative Research in Biomaterials (CIC biomaGUNE) is a non-
profit resaarch omganization crasted to promobs scientific nesearch and ©

inmovation at the highest levels in the Basgue Country. Established by the
Department of Industry, Technology and Innowation of the Government of the
Autonomous Community of the Basque Country, CIC biomaGUMNE is part of the
CIC network (CIC biomaGUNE, CIC bioGUNE and CIC nancGUNE), the langest
country research network on specific strategic anas. During its start-up phasa,
CIC biomaGUME Is satting up state of the art ressarch programs at the interface
between the chemical, biological and physical sciences with a main emphasis
on mokecular scale properties and applications of biclogical nanostructures, Up
to eight msearch laboratories grouped in two Units, Blofunctional Nanomaterials
and Biosurfaces, have already been established. A Molecular Imaging Unit is
now baing set up for small animal research fulty equipped with an outstanding
set of Imaging Instruments Inchuding:

& 11.7 T/20 e MRI scannis squippsd with and thi haghest eomimier-
ciglly avallable gradient systems for different applications,
» Radiopharmaceutical Unit including a cyclotron equipped with & targets, 5 hot

nummmmumummm
Principal Investigators for this Molecular Imaging Unit with a strong leadarship,
capable to sat up thelr own fesearch groups In the above mentioned ameas an
. Thiz candicates are expected 10 collaborate with other research grouns
|nmmmmmlmmmmmmmmmm
transport and to integrate genomics, proteomics, imaging sclences and preclinical
mlmﬂmnﬂwwﬂmﬁm}mmﬂm They are also expected to
collaborate with intermal or external investigators to devise, validate and implament
new statistical, resoluthon recovery image reconsiruction algorithms and methods
for multi-modality image registralicn and analysis.
The candidates should have a Ph. D. in a relevant discipline, an established
record of publications and external funding in molecular imaging research and
demonstrated experience interacting within a multidiscipnary tearmn. A compra-
hensive start-up package based on apposntmient levil will be provided. Suppon
includes, but is not limited to, a modemn laboratory and office space, and salary
support for a number of Ph. D. students, postdoctorals and technicians. CIC
béomaGUNE offers a competitive salary. Interested individuals should submit
their GV, description of past research accomplishmants, salacted reprints and
thie letters of recommendation 1o Prol. Manusl Martin-Lomas, Research Director,
CIC blomaGUNE, Pargue Tecnoldgico de San Sebastidn, Paseo Miramon 182,
20009, Sen Sebastian, Guiplzcoa, Spain. E-Mall: mmartinomas@cichiomagune es

DEPARTMENT OF THE ARMY
SCIENTIFIC AND PROFESSIONAL (ST) VACANCY
ANNOUNCEMENT
DA-ST-01-07

Opening Date: 12 March 2007
Closing Date: 11 May 2007
Title: Senior Research Scientist
(Physical Scientist), ST-1301
Salary: $129,745 - $154,600

Location: US Army Research Laboratory (ARL)
Army Research Office
Research Triangle Park, North Carolina

Duties: The incumbent’s prncipal area of responsibility is physical sci-
ence. Inthis general area the incumbent is an active researcher who applics
extensive knowledge of physics, chemistry and life sciences (o a wide range
of problems, such as: chemical synthesis; material charclerization; macto-
molecular architeeture; quanium mechanical processes; ultrafast switching
in material systems; functional materials for soldier protection; chemical
and biological protection; enzyme structure and activity; pol ymer process-
g and nanotechnology, to cite a few arcas. In these areas, the incumbent
interacts with international scientists, from industry and academic and with
scientists and engineers in Army lanbormtories. The incumbent uscs these
contacts and imherem expentise W0 assess proritics in the fromtier ancas of
seience relevant to the Ammy, and to implement technology transfer to the
Army. other military services, and industry.

Visit: www,nsajobs.opm.poy, sclect “Search Jobs,™ and enter position
title or announcement number in “Keyvwaord Search™; or Contact:
Dione Moore, Human Resources Specialist, Phone: 7T03-692-3315
HODA, Civilian Senior Leader Management Office
ATTN: Ms. Moore
140 Army Pentagon, Room 1A123
Washington, DC 20310




IRELAND'S
EDUCATION
CAPITAL

University College Dublin
An Colaiste Ollscoile,
Baile Atha Cliath

."

Excellence always attracts the best

PROFESSORSHIPS AND EARLY CAREER LECTURESHIPS
IN SCIENCE, ENGINEERING AND MEDICINE

University College Dublin (UCD), Ireland’s largest and most diverse university, has played a unigue role
in the development of modem Ireland. Building on this track record, UCD has recently launched a new
strategic plan (available on www.ucd.ie) with the explicit goal of establishing UCD as a European leader
in dth level training (masters and PhD training) and research.

To drive this transformation, UCD is inviting expressions of interest from both senior professors and
early-career lecturers in the range of disciplines set out below within the context of the recently announced
call for proposals from Science Foundation Ireland (the “Stokes Professorship and Lectureship Programme”
~ available at wwwsfi.ie).

BIOLOGICAL SCIENCES * MOLECULAR NUTRITION

* GENETICS * NANOBIOLOGY AND NANOMEDICINE

= BIOCHEMISTRY * MEURODEGENERATION

« CELL BIOLOGY = DIABETES AND CARDIOVASCULAR RESEARCH

* COMPARATIVE GENOMICS

* DEVELOPMENTAL BIOLOGY

* ENVIRONMENTAL SCIENCE

* PROTEOMICS AND PROTEIMN SCIENCE
* INORGANIC CHEMISTRY

* SYS5TEMS BIOLOGY

ENGINEERING, MATHEMATICAL
AND PHYSICAL SCIENCES

= ADVANCED IMAGING RESEARCH

= APPLIED MATHEMATICS

= BIOENGINEERING

= WIRELESS COMMUNICATIONS

AND MOBILE COMPUTING
BIOMEDICAL AND
* COMPUTER ENGIMEERING AND

BIOPHARMACEUTICAL SCIENCES  ~ CaenDeD SYSTEMS

* MICROBIOLOGY * ENERGY RESEARCH

= PHYSIOLOGY = COMPUTATIONAL SCIENCE AND
« PHARMACOLOGY INFORMATICS

» PHARMACEUTICAL SCIENCES = MATERIALS SCIENCE

MOLECULAR MEDICINE

Expression of interest enquiries can be emailed to
the following address: stokes@ucd.ie from where
your query will be routed to the appropriate person.

Closing date for expressions of interest
is 4th May, 2007. Please see our website for further

information on these positions

UCD PERSONNMEL, UNIVERSITY COLLEGE DUBLIN, www.ucd.ie/vacancies
BELFIELD, DUBLIM 4, IRELAMD.

T:4353-1-716 4900 ; F:+353-1-716 4949 S e o s e




THE NATIONAL ACADEMIES
e 1 e N on S Enqerng, nd Medee

Executive Officer
Institute of Medicine

The Institute of Medicine of the National Academies (IOM) seeks an
Exccutive Officer, This 15 an exceptional opportumiy for a strong leader
and manager who is well versed in health and govemment and secks
o make a positive impact on the public's health,

The mission of the Instiute of Medicine is to serve as adviser (o the
nation o improve health, Working outside the fmmework of govemn-
ment, the IOM provides scientific, evidence-based guidance o policy
makers, professionals, civie leaders, and the public a large

The successful candidate will work closely with the 10OM President
and will oversee the intellectual, managerial, and fnoncial aspects
of the [OM programs in accerdance with the policy direcuves of the
1OM President.

This posion requires a Phld in a related field or equivalent knowledge
with 10 vears of relaved professional experience, 5 of which were ina
SUPCTVISOrY Capacily.

For more information about this challenging career opportunity and 1o
apply, please visit our website athup:inational-academies.org - click
o Employvment - view by department — Institute of Medicine.

The Nattonal Acadenies are nonprofil orgeamizafions thet work under
an 863 congressiomal charter, providing independent advice to the
mation an matters of science, teclmalogy, and medicine
Headyuariered in Washington, DC. EQEMF/DAV

national-academics.org

Nebraska
Center for
VIROLOGY

Faculty Positions in Immunology with an
Emphasis on Viral Systems

We are secking candidates 1o fill two new faculty positions in immunol-
opy with an emphasis on studving viral systems. Appointments may be
ol the level of Assistant, Associate, or Full Professor and will be in the
Mebraska Center for Virology housed i a new state-of-the-art rescarch
facility at the University of Nebraska - Lincoln, Excellent opportunities
exist for research collaboration between Center faculty located in multiple
departments and at other institutions. All candidates should hold a PhD
or equivalent. Sener candidates must have a strong research record and
current extramural res¢arch funding demonstrting expertise i study-
mg the immune response against virl infection. Junior candidates with
expertise in broader arcas of immunology. who plan to developa program
in a viral system, are strongly encouraged to apply. All candidates will
be expected to maintain extramural funding and be involved in graduate
and undergraduate teachimg. Information about the Center can be found
at: htepefwwwounledu/virologyeenter

For more information or 1o apply for this position, visit hitp:
Hemployment.unledu. To be considered you MUST complete the
Faculty/ Administrative Information form for Requisition Mumber 070230
and autach required documents, Review begins May 15, 2007,

PI IW‘-‘IM"ID‘

Lincoln

The University of Nebraxke is commitied
fo a pluralistic campus commuanity trough
afftremative actiom and equal appartunity and i
responsive to the needs of dual career couples

We avsure reasonable accommodation tmder
the Americans with Disabilities Act; contact J.
Walker at (402} 4724560 for assistance,

5% Sunnybrook

RESEARCH

INSTITUTE

Senior Research Associate

Applications are nvited for the position of Semor Rescarch Associate,
This 15 a full nme position with salary and full benefs commensurate
with experience,

The labormtory focuses on the genetics and biochemistry of lvmphocyte
antigen receptor mediated cellular activation - with a specific focus on
the roles of sre fmily tvrosine kinases and the cognate phosphatases
that regulate therr function. The successiul candidate will have dem-
onstrated expenience in gene cloning, gene mutagenesis, the creation
and utilization of expression vectors, cell lines, T eell clones, primary
T Iymphocytes and the ectopic expression of kinase and phosphatase
varants in these cells,

Curriculum vitae and details of previous research activities along with
the names and contact information of three references can be submitted
electronically or h}' mail 1o
Michael Julius
Vice President, Research
Sunnvbrook Health Sciences Centre
2075 Bayview Avenue, Room A3 33
Toronto, Ontario, M4N AMS Canada
michaeljuliusi sri.utoronto.ca

Sumnmvhrook Health Sciences Centre aned the University of Torante
are committed fo emplovirent egnity amd welcome appficaiions
fromm all gualified women aned men, including vsitde minorities,

abariginal praple, persans with disabilitics, and persons of a
diversity of sextad avientation.

@ STONY BROOK

€\® UNIVERSITY
MEDICAL CENTER

Physician/Scientist Positions

atony Brook Unneersity Medical Center is seeking two Physician Sciontists fior
faculty positions at the rank of Assistant Professor, Associate Professor and
Professor in the Department of Medicine in the general areas of infectious
diseases and immunity to infection. The candidates will hoid 2 joint appointment
in the Department of Mol ecular Genetics and Microbiology. The Department of
Medicine, the Departmant of Malecular Genetics and Microbiology, and the
adjacent Center for Infectious Diseases provide a highly interactive scientific
community with a world-class research infrastreciure. The Schoo! ol Medicine
and Stony Brook University Medical Center maintain outstanding core research
facilities and superb clinical facilitins. The position guarantees protected time
for research activities. An outstanding start-up package includes laboratory space
with start-up funds, excellent benefits, and competitive salaries commansurate
with academic qualifications. The candidates are expecled to establish or direct
an independent extramural research program, This position will require some
participation in clinical and teaching activities.

Required: M.O. or M.0,/Ph.D., board certification in Infectious Diseases, and
be eligible for NYS medical licensure. Priorily will be given (o candidales with
research interests and expertise in the areas of infectious diseases or immung
responses Lo infection to compiement or add to existing areas of research
strength in both departments.

The review of applications will begin Aprl 2007, and will continue until
July 2007, or until the position is filled.

Candidates should send a CV, a brief summary of accomplishments and
future research interests (four pages total), and the names and contact
information of three references to: Jorge L Benach, PhD., Chair of Search
Committes, Department of Molecular Genetics and Microbiology, 130 Life Sciences
Building, Stony Brook University, SUNY, Stony Brook, NY 11794-5222

Equal Oppomunity/Affirmanve Action Employar. Visit wes ston ook sdw/'ciy

to apply online and for employment inform ation




The Howard Hughes Medical Institute
invites applications for investigator
positions from scientists who

have demonstrated originality and
productivity in biomedical research
and who show exceptional promise
for future contributions.

Eligibility
Ph.D. or M.D. (or the equivalent)

Tenured or tenure-track position as an assistant
professor or higher academic rank (or the
equivalent) at an eligible U.S. institution

Four to 10 years of experience since appointment
as an assistant professor

Principal investigator on one or more active
national peer-reviewed research grants with a
duration of at least three years

Application deadline: June |3, 2007

Application information:
www.hhmi.orglinvestigator2008/sci

HHMI

HOWARD HUGHES MEDICAL INSTITUTE

HHMI investigators are among the most creative and
promising biomedical scientists in the naton. They
rigorously pursue significant biological questions,
develop innovative research tols and methods, and
lead their scientific fields into new areas of inquiry.
Working to push the boundaries of fundamental
knowledge and uldmately to improve human health,
HHMI investigators forge links berween basic biology
and medicine.

‘The Institute secks to appoint to its investigator
program approximately 50 outstanding scientists.

‘This competition will enable HHMI to strengthen

its community of researchers and bring innovative
approaches to the study of biological problems not only
in the biomedical disciplines but also in adjacent felds,
such as chemistry, physics and biophysics, biomedical
engineering, and computational biology. Candidates
should apply direatly o HHMI; prior institutional
endorsement is not part of the application process.

HHMI, a nonprofit medical research organization,
plays a powerful role in advancing biomedical research
and education in the United States. The investigator
program rests on the conviction that scientists of
exceprional talent, commitment, and imagination
will make fundamental biological discoveries for

the betterment of human health if they receive the
resources, time, and freedom to pursue challenging
questions. The Institute's investigators, selected
through rigorous national competitions, incdude

11 Nobel Prize winners and 115 members of the
MNational Academy of Sciences.

The Howard Hughes Medical Institute is an equal
opporeunity employer. Women and members of racial
and ethnic groups traditionally undervepresented in the
biomedical sciences are enconraged to apply.

ScienceCareers.org




From life on Mars
to life sciences

For careers in science,
turn to Science

If you want your career to skyrocket, visit of Science, the premier scientific journal, and
ScienceCareers.org. We know science. We are the long experience of AAAS in advancing
committed to helping you find the right job, science around the world. ScienceCareers.org is
and to delivering the useful advice you need. the natural selection.

Our knowledge is firmly founded on the expertise Www.Ssciencecareers.org

Features include:
* Thousands of job postings * Resume/CV Database

ScienceCareers.org

e Career tools from Next Wave e Career Forum

e Grant information We know science RYAAAS




Faculty
Positions
(ALL LEVELS)

he Burke Medical Rescarch Institute is a

research enterprise that sctively synergizes
with the Burke Rehabilitation Hospital on a
beautiful 60 acre campus just north of New Yook
City 1o advance strategies for neuroprotection
and neurorepair. We are a leader in utilizing
state-of-the ant scientific approaches to develop
novel regenerative strategies that can combat
neurclogical disability with particular interests
in stroke, spinal cord injury, traumatic brain
njury, Alzheimer's discase and Parkinson's
discase, The Institute has a strong affiliation
with Cornell Umiversity Medical College and
18 active faculty members all appointed in
Departments at the Weill Medical College in
Manhattan {33 minutes from Burke) which
are well known for their vibrant research
and education programs and that in many
cases include Memorial Sloan Kettering and

w ¢ ane actively seckmg lented. oneative and

col laborative applicants for fcully posiions

at all levels {Assistant, Associoie or Full) in ancas

of research exploring diverse questions related 1o
regeneration, repair and plastcity: individuals with
expenence in invenebmte and venebrate models of
regeneration and cell death, 2-photon microscopy and
confocal microscopy, in vive bioluminescence imaging.
electrophysiology, proteomics, enzymology, medicinal
chemistry, cell based therapeutics, transcrptional
biology, histodogy are of particular interest, Successful
applicants will have an exciting rescarch progrm
related 1o newnl repar and regencration with potential
for mterfnce with a number of investipators in the
Instiution. The Burke Medical Rescarch Insutute offers
a competitive package of rescarch support, salory, and
benefits and is an equal oppormunity employer and a
drug free workplace. Candidates receiving offers of
employment will be subject to pre-employment drug

Rockefeller University.

testing and backgmound checks.

FEEE T IR
Joan and Sanbord L Weill Medical College

WINIFRED MASTERSON
] BURKE MEDICAL
RESEARCH INSTITUTE

Interested applicants should send CV, a letter of
research interests, and contact information for
three references to; Rajiv B Ratan MLD., Ph.DD.,
Exccutive Dircctor, Winifred Masterson Burke
Medical Research Institute, 785 Mamaroncck
Avenue, White Plains, NY 10605, E-mail:
rratan(@hburke.org. eorwrny

Programm zur Forderung

der Ruckkehr des wissenschaftlichen
Spitzennachwuchses aus dem Ausland

Der Forschungsstandort Nordrhein'Westfalen steigert seine
Attraktivitat fiir die Riickkehr des Spitzennachwuchses aus dem
Ausland. Hier werden gut ausgestattete Positionen fir den
Aufbau und die leitung selbststéndiger Nachwuchs-
gruppen im Bereich der Lebenswissenschaften cus

geschrieben.

Je Nachwuchsgruppe stellt die Landesregierung fir einen
Zeitroum wvon finf Johren bis zu 1,25 Mio EUR zur
Verfiigung. Die Leitungsposition ist mit Entgeligruppe 15 TVL
- vergleichbar W2 — dotiert. Sie erhalten eine personenge-
bundene Finanzierungszusage und etablieren |hr Labor an
einer Hochschule |hrer Wahl in Nordrhein-Westfalen, wel-
che Ihnen die beste Zukunftsperspektive und eventuell auch
tenure (track) bietet.

Sie forschen derzeit auierhalb Deutschlands im Bereich der
lebenswissenschalten, verfigen iber eine gqualifizierte
Promotion, |hr Lebensmittelpunkt log vor dem Auslandsouf-
enthalt in Deutschland und Sie kénnen insgesamt minde-
stens 24 Monate erfolgreicher wissenschoftlicher Forschung

< Nomdrhein-Westlalen .

auBerhalb Deutschlands vorweisen. Wenn dies alles auf Sie
zutrifft, freuen wir uns auf Ihre Bewerbung unter

www.rueckkehrerprogramm.nrw.de

lhre Bewerbungsunterlagen in englischer Sprache enthalten
Lebenslauf, Publikationsliste, einen Arbeitsplan fiir die néich-
sten funf Jahre, eine EUSGmmenfussung lhrer hfsherfgen Wis
senschaftlichen Lleistungen, bis zu drei lhrer wichtigsten
Veréffentlichungen und Referenzen. Weitere Informationen
sowie eine detaillierte Beschreibung des Programms finden
Sie auf der angegebenen Internetseite.

Bitte reichen Sie lhre Bewerbun?sunterlngen bis zum
1. Juni 2007 (Deadline) anline ein.

Dos land NordrheinWestfalen fordert die berufliche
Entwicklung von Fraven. Bewerbungen von Frauen werden
daoher besonders begriifit. Bewerbungen geeigneter schwer-
behinderter Menschen sind erwiinscht.

[ o] Ministerium r Innovation,

f Wissenschaft, Forschung

£ -
L=l und Technologic des Landes
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www.ScienceCareers.org

» Search Jobs Career Forum

rt of
Next Wave

Career Advice

* Job Alerts * Meetings and
Announcements
* Resume/CV . t
Database * Graduate Programs

All features on ScienceCareers.org are FREE to job seekers.

ScienceCareers.org
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Utrecht University is a place of learning that offers many widely varying disciplines. Where different areas
meet or overlap, the developments are particularly interesting. At Utrecht University science never stops.
Mor will your development.

Utrecht University urgently seeks applicants who can easily identify with this open, dedicated and multidisciplinary culture.
Currently, we are looking for candidates for the following specific position

» FULL PROFESSOR IN STRUCTURAL BIOLOGY
(NMR SPECTROSCOPY)

The Utrecht NMR center is a national and EU Large Scale Facility for biomolecular NMR spectroscopy and part of

the department of Chemistry of the Faculty of Scence. The NMR research group has a vacancy for a full professor or

assistant professor. The successful candidate is expected to develop nuclear magnetic resonance for structure analysis
of protein complexes and membrane proteins. The new professor will also participate in the chemistry undergraduate

and graduate teaching, We are looking for a candidate with expert knowledge and an established international
reputation in the field of nuclear magnetic resonance for structure analysis of protein complexes and membrane
proteins. You have an outstanding publication record, experience with teaching and good management skills.

We offer a full-time (tenure track) position with a salary that is commensurate with experience and gualification and
ranges from € 4,242 to € 6,841 gross per month

Maore information: Prof Dr P Gros (chairman of search committee), +31 (0030 253 3127 or Prof Or R, Boelens
(chairman of NMR Research Group), +31 (0)30 253 4035

Please visit WWW.,UU.NL/VACANCIES for a complete job description.

/I»: Science never stops_

Universiteit Utrecht

WHO HAS

~3,200
JOBS

UPDATED
DAILY?

We know science

Rl ans

FACILITY DIRECTOR
PROTEIN PRODUCTION

The Albert Einstein College of Medicine is seeking a
highly motivated individual to oversee and manage
the Protein Production Facility in the new Center for
Cenetic and Translational Medicine. The Protein
Production Facility will complement a wide range of
putstanding programs in structural genomics,
infectious dizease and Immonity, drug and
therapeutic development, molecular imaging and
high throughput proteomics anahses, The facility
will also serve as a focal point for the centralization
and dissemination of expertise and reagents to the
entire Einstein commumnity.

Thee successful applicant will have at least 3 years of
past doctoral experience with a wide-range of protein
expression lechnologies, including bacterial, insect,
mammalian and cell-free platforms, and a strong
background in molecular biology, protein chemistry,
automation and robotics technology. The ability to
work independently and to supervise and manage
miiltiple projects simullaneously is essential, a8 are
superior arganizational and communication skills,

Applicants should provide a cover letter describing
their backgrovind and accomplishments; a vision for
a modern protein produchion facility; curriculum
vitae, including publication list; and the names
of three relerences as a single PDF file to:

PPSearch@®medusa.biocascomyuedu Applications
arriving belore July 15, ﬂﬁlﬁ will receive full
consideration, Other correspondence can  be
addressed to: Protein Production Facility Search,
Dept of Biochemistry, Albert Einstein College of
Medicine, Jack and Pearl Resnick Campus, 1300
Morris Park Ave., Bronx, NY 10461, EOQE

OF TELHIVA UNIVIRSITY

FACULTY POSITION

The Department of Anatomy and Cell
Biology at Downstate Medical Center
vites apphcations for o tenure-track
faculty position.

The successful candidate is expected to
have an independent. extramurally-funded
research progmm in the cardiovascular
sciences and o participate in teaching
medical students and graduate education.
Preference will be given to candidates with
prior teaching experience and training in
stem cell research. Curriculum vitae, a
bricf  descripion  of previous  and
anticipated research, and the names of
three references should be sent 1o

Dr. M.ALQ. Siddigui
Professor and Chair
Department of Anatomy & Cell Biology
State University of MNew York
Downstate Medical Center
450 Clarkson Avenue, Box 5
Brooklyn, NY 11203

FAX: T18-270-3732
E-muail: MAQUSIddigui @ Downstateedu

SUNY

DOWNSTATE
Medical Center
SUNY Dowrestate iv o EOQE




From physics to nutrition

For careers in science,
turn to Science

Looking for a great
science career?

Lo P warinrty hadbird g

L T |

If you want your career Lo bear fruit, don't leave it to
chance, At ScienceCareers.org we know science. We are
committed to helping you find the right job, and to
delivering the useful advice you need. Our knowledge is

Features include:

» Thousands of job postings * Resume /CV Database
» Career tools from Next Wave  » Career Forum

* Grant information

firmly founded on the experlise of Science, the premier

scientific journal, and the long experience of AAAS in
advancing science around the world. ScienceCareers.org
is the natural selection. WWW.SCiencecareers.org

Science(Careers.org

We know science RYAAAS




Kingdom of Saudi Arabia
Ministry of Higher Education
Taif University

College of Medicine and Medical Sciences
and College of Pharmacy

Academic Staff Vacancies for the Academic
Year 2007-2008

College of Medicine and Medical Sciences, Taif University, Soudi Arabia, is
a newly established institution of higher cducation that is striving for
worldwide recognition, excellence of services and dedication to the
advancement of medical science and rescarch. In addition, a pharmacy school,
Pharm D program, has staried m 2006 under the administration of the
medical school.

The college is looking for highly motivated outstanding individuals to fill
the vacant academic positions of Professor, Associate Professor or Assistant
Professor or Lecturer in the following disciplines o underiake teaching
responsibilities as well as research endeavours in the colleges of medicine
and medical scicnces and pharmacy:
College of Medicine and Medical Sciences:
+  Professor Posts:
One position in cach for the following specialities: Medicine, Surgery,
Family Medicine, Community Health Sciences and Pediatrics,
*  Associate Professor Posts:
One position i each for the following specialities: Epidemiology,
Obstetrics and Gynecology, Communication Skills, Physical Therapy.
Two positions for Histopathologises.
= Assistant Professor Posts:
One position in each for the following specialies: Clinical Psychology,
Community Health Sciences, Family Medicine, General Surgery,
Haematology (clinical), Internal Medicine, Laboratory Medicine,
Medicine (Endocrinology b, Psychiatry, Climical Radislogy.
Owlaryngology, General Pediatrics, Neurosurgery, Medicine (Newrology ),
Urology (Medicine). Pediatric Pulmonology, Pediatnie Gastroenterology,
Onhopedics, Anesthesiology, Obstetrics and Gynecology, Cardiology,
Oncology, Nuclear Medicine, Physical Therapy, Biostatistics and
Epidemiology.
Two positions in cach for the following specialities: Intensive Care
Moedicine and Environmental Health.
Three positions for English for Medical Sciences.
*  Lecturer Posts:
Five positions are open for lecturers in Basic Medical Sciences and one
position in Medical Ethics.
College of Pharmacy:
+  Professor, Associate Professor or Assisiani Professor Posis:
One position in each for the following specialities: Clinical
pharmacy, phamaceutical Microbiology and Physiology.,
Two positions in Pharmaceutics and Pharmaceutical Technology,
+  Leciurer Positions:
Two positions for English Language Lecturers.

Qualifications: PhD or equivalent for Professor, Associate Professor or
Assistant Professor positions, unless otherwise specificd. MSe for English
Language Lecturers and MBBS for the Lecwrer positions at the College off
Medicine.
Experience: Teaching experience in 4 recognised university (AL least ten
years for Professor. five years for Associate Professor, two yvears for Assistan
Professor or Lecturer ). Scientific productivity must be measured in form of
publications in reputable peer reviewed scientific journals,
The vniversity benefits package includes competitive salanes, housing,
medical coverage, 600 days annual leave, about 20 days holidays, airline
tickets, relocation allowance and end of service gratuity. Academic rank and
sulary will be commiensurate with qualifications,
Interested imdividuals are requested to submit their applications, which
should include an updated detailed C. V., list of publications and names and
addresses of three referees. Complete applications should be addressed 1o:
The Dean
College of Medicine and Medical Selences
Tail University
") Box 88%
Taif 21944
Kingdom of Saudi Arahia

Email: tmam_tm & vahoo.com, doc_tm 1006 hotmail.com
Fax: 4966-2-7250528

ulm university universitat

uulm

The Medical Faculty of the University of Ulm invites applications for
a position of a

Professor (W3)

of Molecular Aging Research

at the Department of Dermatology and Allergology
- Head of Department: Professor Dr. Karin Scharffetter-Kochanek

Applications are invited from internationally recognized scientists for
the position of a full Professor of Aging Research within the Medical
Faculty of the University of Ulm,

Applicants are expected to have a documented record of accom-
plishment in the field of aging and age-related diseases. Applicants
fram other research fields are also encouraged to apply but must
have a strang interest to extend their research track into the field of
aging research, The successful candidate is an outstanding scientist,
with experience in areas that could include cell/molecular biology,
biochemistry, genomics and genetic model systems to study the
molecular basis of cellular and organismal longevity and senescence,

The position is embedded in the clinical research group “Maolecular
and cellular aging - from mechanisms to clinical perspective” funded
by the German Research Foundation (DFG). The German Research
Foundation expects the candidate o apply for funding of a project
that is within the aims of the clinical research group, and to develop
strong independently funded research programs to complement and
enhance the alread\r existing strengths in aging research. The candi-
date with a successful proposal will be equipped with a competitive
start up package.

Requirements include a PhD or MD degree, postdoctoral experience,
and a posigraduate lecture gualification or an equivalent to German
“Habilitation®. Applicants should have a sound research record and
a successful track record in grant acquisition.

The position is tenure-track, With the first appointment, the contract
of employment will be limited for the funding period of the dinical
research group. Subsequently, tenured employment is possible, and
will depend on an evaluation.

The University aims at increasing the representation of women
among the faculty staff and therefore explicitly encourages applica-
tians from female scientists.

Applications including the application form, a full CV, a complete list
of grants and publications, and a summary of current and proposed
research activities and objectives should be sent and received not
later tham May 15, 2007 to: University of Ulm, Professor Dr K.-M.
Debatin, Dean of the Faculty of Medicine, D-B9069 Ulm, Germany.

The application form is available at http:/’wwwuni-ulm,de/medizin/
(Fakultdt, downloads, Fakultdt, Bewerbungsformulardaoc)

The University of Ulm is an equal opportunity employer and
welcomes applications from all qualified individuals.
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Does your next career step
need direction?

I have a greal new research idea.

Where can | find more grant options?

| Foracareeri in science,
urn to Science

Science(C:
We know science
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You know, ScienceCareers.org ' )
- - is part of the non-prafit AAAS

’ " . \
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something back into science



' 1’ I got the offer I've been

dreaming of.
With thousands of job postings, = - 7
it's a lot easier to track down a .
career that sufts me i
i

Now what?

I want a career,
not just a job

N

There"s only one place to go for career advice if you value the
expertise of Science and the long experience of AAAS in supporting %“
career advancement - ScienceCareers.arg. The pages of Science " rle,'
and our website ScienceCareers.org offer: q.."7"'-:-1 »

* Thousands of job postings * Funding infarmation ;
* Career advice articles and tools  * Networking opportunities alF

www.sciencecareers.org




Looking for solid ground in the ever-changing
landscape of science & technology
policy and budget issues?

Join the nation’s top S&T experts at the 32nd Annual
AAAS Forum on Science & Technology Policy

3—-4 May 2007 ® Washington DC
International Trade Center in the
Ronald Reagan Building

The AAAS Forum on Science and Technology Policy provides a setting

for discussion and debate about the federal budget and other policy

issues facing the science, engineering, and higher education commu-
nities. Initiated in 1976 as the AAAS R&D Colloguium with about 100
participants, the Forum has emerged as the major public meeting in

the U.5. devoted to science and technology policy issues. It annually

draws upwards of 500 of the nation's top S&T policy experts.

= Get a full analysis of the
President”s federal R&D
funding proposals.

* Have an opportunity to
meet directly with key
S&T policymakers.

* Learn how the changes in
Congress are affecting S&T
policy issues.

= Network with colleagues,
including top decisionmakers
in science and technology
policy from all sectors.

# learn about broader national
and international develop-
ments that will affect strate-
gic planning in universities,
industries, and government.

* Registrants will receive, at
the Forum, A4AS Report
AXXIl: Research and Develop-
ment, FY 2008, a comprehen-
sive analysis of the proposals
for the FY 2008 budget, pre-
pared by AAAS and a group
of its affiliated scientific,
engineering, and higher
education associations.

For more complete details on
the program, hotel registration
and on-line registration,
please visit the website:
www.aaas.org/forum.

AVAAAS

ADVANCING SCIEMCE, SEAVING SOCIETY



SYMPOSIUMS

Frontiers in “Evaluating the Extent
and Impact of Environmental Contaminants”

Choosing Roche
W all dream

of doing big things.

A5 Soelving important
f\ problems.
tl
AUBURN UNIVERSITY
COLLEGE OF SCIENCES
AND MATHEMATICS

—
%
:
2

Making a
difference.
Improving lives.

Presentations will focus on the interdisciplinary
nature of the research being conducted in environmental biology.

Featwred speakers:
Francis H. Chapelle, U.S, Geological Survey
Lee Ferguson, Univ. South Carolina
Tyvrone Hayes, Univ, Califorma Berkeley
Paul Lioy. UMDNIJ Robert Wood Johnson Medical School
Deborah Rice, Maine Center for Discase Control & Prevention
Joe Zhou, University of Oklahoma

Auburn Unmiversity, Alabama
Tuesday. May 1. 2007
Science Center Auditorium, 8 am - 5 pm
www.auburn.edw/'cosam/symposium

Registration is free. lunch will be provided to those who register in advance.
Email: Bettv Adeock: adeochat@ auburn.edu

What’s
your next
career
move?

¢ Job Postings
* JobAlerts

e Resume/CV
Database

* (Career Advice
from Next Wave

e (Career Forum

Get help from the experts.

e know science WV ans

Www.sciencecareers.org

www.ars. usda.gov

Research Plant Pathologist,
GS-11/12

Salary range is
$52,912.00 - $82,446.00 per year

The Grain, Forage, and Bioenergy Rescarch
Unit stationed on the East Campus. Uni-
versity of Nebraska-Lincoln, Lincoln, NE
15 seeking o permanent full-time Research
Plant Pathologist 1o become a member of a
research team that uses virslogy, molecular
biology, genetic, and biochemical approaches
to determine the mechanisms by which
viruses imnduce discase in plants and applies
this knowledge o improve virus resistance
i wheal.

For details and application directions, sce
www.almars.usda.govidivisionshrd/
vacancy/resjobs/ ARS-XTW-0161Lhtm. To
have a printed copy mailed, call 301-504-
1484, Addinonal mformation on the posi-
tion can be obtained from Research Leader,
Ken Vopel (402-472-1564). Announcement
closes June 8, 2007, Visit the ARS web site
at: www.ars.usdagoy, LS. citizenship is
required.

USDAARS is an Egual Cyaportunin
Emplover and Provider.

Roche i in the midst of one of the most exciting penods
in its history, With an armay of established products, a
hesdthy line of new products and several exaling lunches
ahead, Roche is extremely well positoned to be one of
the truly preeminent companies that lead the industry
inbo the 2151 century. Il you wani 1o work in a dynamic,
challenging emvironmeni thal capilalzes on your
slirengths and abililies, please lake a few moments 1o
peruse the following job opening al owr Nutley, NJ
Headquariers:
Principal Scientist, Discovery Oncology
Roche is seeking an expenenced scentist Lo join the
Discovery Oncology group o participste in reseamh
programs developing ameted cancer therapeutics. The
qualfied candidate will be responsible for developing
moveld drug candiclates by leading cancer drug discovery
projects and pariicipating in new larget identification.
Primary responsibilities will include designing and
performing cell-based assayve. aRMNA for targed valdation
cancer cefl sgnaling analyss, ELISA, Western blolting,
gene reporter systems and cell cullure. This posion
will have supervisory responsibility for associate level
scenlists.
This position requires an individual with a PhD in
Molacular or Callular Bsology together with al least
two years of productive research expenence al the
postdoctonal level The successiul candidate will have
a well-documented background of scentilic experiise
in molecular and cellular tumaor biology and an abiding
intenzst in drug discovwery. A brosd understanding of
molecular and cell biology concepts within the cancer
biology field is essential. Expertise around strategies
for targel validation and bismarker development is
diesirable. The qualified candidate will be seif-motivaled
and possess strong interpersonal and communication
skills with a demonstrated ability for cresative
thinking and problem sohang. Previous expenence in
the biopharmaceutical industry is desirable but not a
prerequisie.
To apply lo this position, please visl our website at
wiwwmcheus acom/career and meder (o job code 4992,
Principal Scientist, Metabolic Diabetes
In this key role, the successiul candidaie will have
responsibility for mitatang research in the Metabalic
Disease therapeulic area, nduding obesity, diabetes
and dyspsdemia. As Pincipal ScientistL you vall develop,
design and implement technology o charactenze in
vivo activity ol therapeutics Io treal diabeles. Your
experise in the area of type 2 diabetes, including the
assessment of mechanism of action of diabeles drugs
i wiva will allow you the opportunity 10 Serve a5 a drug
discovery project leader and interact with a diverse
team of chemists, biokogisis and pharmacologists in
compound lead oplimization.
This position requires a PhD and/or MD. with at least
3 years expenence in drug discovery in Metabolic
diseases. Expertse in the area of in vivo pharmacology
technigques such as pancreatic and hyperghcemic
clamps, islel cell studies and hepatbic glucose oulput
analyses required. Excellent oral and writlen
communication skills and demonstrated leadership
abilities area a musL
To apply Lo this position, please visil our websile al
www mcheusacom/career and efer 1o job code 4837,
Haffraan - LaRoche is an equal
appRr TNy Gy
e
[froem resastrch o resild Dife




From primates to
proteomics research

For careers in science,
turn to Science

Don't gel lost in the career jungle. At ScienceCareers.org  of Science, the premier scientific journal, and the long
we know science. We are committed to helping you find  experience of AAAS in advancing science around the
the right job, and to delivering the useful advice you world. ScienceCareers.org is the natural selection.
need. Our knowledge is firmly founded on the expertise WWWw.Sciencecareers.o g

Fealures include:

b TthUfrEll'll'.IS D”ﬂb P'DSU”E.EJ * Rasy mE:'rD'I'r Daiﬂbﬂﬂ? Scieme(:areers-org

* Career lools from NextWave  * Career Forum

We know science RYAAAS

* Grant information




UROPEAN

Call for EUROCORES themes

ESF is looking for new ideas for collaborative research at the European level.
_D_LIN_D_BII_DN We invite well developed proposals for new EUROCORES Programmes
SETTING SCIENCE AGENDAS FOR EURCQPE (EUROCORES themes).

The European Science Foundation (ESF) provides a platform for its Member Organisations to advance European
research and explore new directions for research at the European level. Established in 1974 as an independent non-
governmental organisation, the ESF currently serves 75 member organisations in 30 European countries. The ESF is

devoted to the coordination, implementation, networking and science policy development in the basic sciences.
The ESF wishes to contribute to the European Research Area with the EUROCORES Scheme.

The EUROCORES S5cheme

The ESF European Collabor ative Research (EUROCORES)
Programmes offer a flexible framework for researchers from
Europe to work on gquestions which are best addressed in larger
scale collaborative research programmes. EUROCORES Programmies
allow national research funding organisations in Europe and
beyond to support top class research in and across all scientific
areas, by matching the neads articulated by the scientific
community with their strategic priorities.

Eligibility criteria
Proposing groups must incude scientists andfor representatives

from national funding organisations from at least four different
countries with ESF membership.

For further information on the calls and all ESF activities,
please go to Www.esf.org

Criteria for the selection of EUROCORES themes

| Scientific quality, novelty and feasibility of the EUROCORES
theme proposal

B Requirement for European collaboration

| Relationship to other ongoing/planned research initiatives
in the field (national, European, international)

W Qualifications of the proposers

| Appropriateness of funding requested

How to submit a EUROCORES theme proposal

EURCQCORES theme proposals must be submitted online

by 1st June 2007 midday (CET). Proposals are submitted at
www.esf.org/euracores. The full Call with detailed information
and proposal guidelines can also be found at this web address
of contact the EUROCORES Scheme at eurocores@esf.org.

The EURODCORES Scheme is currently supported by the EC Sixth
Framework Pregramme under Contract no. ERAS-CT-2003-980409.

A Career
In science
IS more than
just science.

WWW.SCiEI'ICECBI’EEI’S.OI’g

Science(Careers.org

We know science R Anns

CONFERENCE

World Conference of Stress
Hans Selye 1907-2007

23-26 August 2007, Budapest, Hungary

including the

3rd Cell Stress Society International
Congress on Stress Responses

in Biology and Medicine

An interdisciplinary Conference of Stress giving
many oppertunities for your creativity and showing
that Science is Fun f“"‘?r
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www.ars.usda.gov

SUPERVISORY RESEARCH
GENETICIST/MOLECULAR BIOLOGIST/
PLANT PATHOLOGIST
GS-0440,0401,0434-14/15
Salary Range of § 89,115 to $136,273

The Plant Germplasm Introduchion and Testing
Rescarch Unit in Pullman, Washingron, is secking ro
fill a permancnt, full-tme highly qualificd saentist o
lead an Ageney research and curation program in
plant germplasm. As Rescarch Leader, selectee will
be responsible for maintaining and enhancing the
research creativity and prodoctmaty of the Umit; hir-
ing personnel and managing the human, fiscal, and
physical resources of the Umit; providing technical
information and consultation, both internal and cx-
termal to Agricultural Rescarch Service and ensuring
the proper interpretation and reporting of scienrific

5 OPEN

ieultural
Research

rescarch and results and informanon. Objecrives of

personal rescarch are to develop and apply new ge-
netie markers for phyvlogenetie and genetic diversiny
analyses of prionty crops, emphasizing polymorphic
DNA markers in prionty genetic resources; and ex-
tend ongoing cooperative rescarch o updare and
apply phenotypic descnprors for morphological
traits, host-plant resistance o msects and agronomic
ment, and incorporate phenotypic data into GRIN
1nd,-“ur other databases, For derails and application
instructions, please see website: hop: //www.afm.
ars.usda. gov Adivisions hed Sindex.homl, vacancy
announcement number ARS-X7W-0187. To have a
printed copy mailed call Deb Parker, telephone:
509-335-8662. For further information regarding
this position contact Dr. Dan Skinner, telephone:
509-335-86%6, or e-mailides@wsuwedu. Applica-
tioms must be received by June 4, 2007, U5, dizeslp
te mpeied, LSDA, ARS & an Epeal Opportuniry Ewipleye
aid Provider,

A POSTDOCTORAL POSITION s available
for one vear with possibility of extension for a self-
motivated individual to study the role of speroid
hormones on the expression of angiogenic growth
factors in breast cancer. 'rior experience in mam-
mary gland biology, cell culture rechniques, molec-
ular biology, and animal handling is important, and
experience in using xenograft models i essential,
The Laboratory is particularly interested in defin-
ing molecular switches that can be linked to hor-
mone driven angiogenesis in endocrine dependent
tissuces. PMlease apply with names of three references
to: D Salman Hyder, Dalton Cardiovascular Re-
search Center, University of Missouri, Columbia
(e-mail: hyders@fmissouriedu),

POSTDOCTORAL POSITION & available o
study the mechanism and function of DNA topoiso-
merase and recl) helicase with biochemical and
biophyvsical merhods, Candidare should be a recent
graduate with a sorong biophysical or biochemical
background, For our recent rescarch interests, sce
Proc. Narl. Acad. 8. 103: 11118, 2006, and Proe,
Na. Acad. Sei. 104: 4840, 2007, plus more details
at our website (website: hiep:/ Swww.biochem.

POSITIONS OPEN

VICE PRESIDENT for RESEARCH
The University of Momh Dakota is conducting an

open scarch for the position of Vice President of

Rescarch. Letters of nomination, apphcations (letter
of application, complete curniculum vitae, a statement
of the applicant’s philosophy of universitv-based re-
scarch, and namcs and addresses of three references),
or expressions of interest should be submitted to:
Dr. H. David Wilson, Chair
Vice President for Research Search Committee
University of North Dakota
501 M. Columbia Road Stop 9037
Grand Forks, NI 58202-9037
Telephone: 701-777-3021
Or to e-mail: h.wilson@und.nodak.edu, Review
of the materials will begn immediarely and continue

until the position is filled. The anticipared dare of

appointment i July 1, 2007, Additonal information
regarding the University, the position desenption, and
requared qualifications may be obtained ar website:
httpe/ Sund.edu /dept /a0 Sresearchjobs. htm.,

The Universiry of Nomh Dulota is an Equal Oypprortunity.
.'!!‘Jfllrl.lrln' Ataonr frosviventionr.

DIRECTOR
Harris World Ecology Center
University of Missouri, St. Louis

The University of Missouri, St. Lows, announces
a search for Director of the Whitney B Harns World
Ecology Center in the Department of Biology,

The Harris Center (formerly the Intermational
Center for Tropical Ecology, website: hitp:/ ficte.
umsl.edu/) wis established in 1990 as a partnership
berween the University and the Missourt Botanical
Garden. The Center and Department of Biology have
close limks with the St Lous Zoo and enjoy strong
interactions with faculty and students ar nearby
Washingron Univeraty and St. Lows University.

The Center provides a focal point for the Depart-
ment’s graduate program in ecology, evoluton, and
svstematics. It offers financial support to undergrad-
vare and graduate stdens, enriches the graduate pro-
gram with public lectures and symposia, and actively
seeks funding from government agencies, foundations,
and individuals,

Candidates should merit appointment as ASS0-
CIATE PROFESSOR or PROFESSOR of BIOL-
OGY, and their duties will be split equally between
the Department and the Center. The successful can-
didate = expected to be an excelent scientist pursuing
active research in rropical bicdogy, conlogy, evolution,

sYSLematics, oF consenvation, with a strong record of

extermal grant suppor. The Director will provide
visiomary leadership for the Cemter, raising funds
from a variety of sources and promoting the Center
and irs programs. The position offers a competitive
salary and setup funding.

Applications should incude a cover letter outlin-
ing qualifications and interests, curdiculum vitac, a
statement of rescarch interests and goals, and the
names and addresses of five references. Application
review begins on receipt,

Mease send applicanions via e-mail to; Maryann
Hempen, e-mail: mhempen@umsl.edu, Search
Comminee (Harris Director), Department of Biol-
ogy, University of M:smun 5t. Louis, One Uni-
versity Boulevard, St. Louis, MO 63121,

The Umiversity of Missoni, St Lows, is an Affimnanioe
Adtion, Eqeal Opporminity Employer sonnmnitted e excellence
thirvigh duversiny

duke.edu/Hsich /hsich.html). Scnd resume and

names of three references by c-mail toc D, Tao-shih
Hsieh, Department of Biochemistry, Duke Univer-
sity Mrd:ml Center, Durham, NC 27710 {e-mail:
hsiech@biochem.duke. I:'l;hlj.. Dhuilee Ulninersity & ane Episad

Clpportrinsty .'!_fﬁmr.d’llr Ao f:'.ll:lI\lnrp'r
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Additional job postings not featured in
thas issue can be viewed online at website:
http/ /www. sciencecareers.org. New jobs
are added daily!

POSITIONS OPEN

,
dh)
Woors Hole OCFANOCRAME INSTITUTION

ECOLOGIST and ENVIRONMENTAL/
RESOURCE ECONOMIST
Woaods Hole Rescarch Center

The Woods Hole Rescarch Cenver (WHRC)
secks: an Ecologist who will work on the
relation between the condition of forest coo-
systems and the “ecosvstem services™  they
dedver; and: an Environmental /Resource Econ-
omist who will focus on the economic valua-
mon of the products and services denivable from
forest ecosvstems and mechanisms for reflect-
ing the value of these products and services

For more informarion, go w website:
hoep: /S whre.org/about_usSjobs, him

WHREC is anr Egoal Opportinty Employer and
aitively seeks o diverse pool of candidares in this search.

TENURE-TRACK FACULTY POSITIONS
The New England College of Optometry (NECO)
The New England College of Oprometry invites
applications for two full-time, tenure-track positions
in the Department of Biomedical Sciences and Dis-
case. Rank will be commensurare with experience,
Applicants must have a Ph.DD, degree and candidares
who use molecular biological, biochemical, or phar-
macological approaches to study ocular physiology
or disease are particulardy encouraged to apply. The
successtul appheant wall be eapected o cstablish serong
extramurally funded rescarch and o partcipate in
the College’s graduate and professional teaching
programs. Experience teaching biochemistry or phar-
macology is a plus
The College is a small but dynamic institution
with a strong commitment to vision research and the
devdopment of a collaborative rescarch ervironment,
Applicants should submit complete curriculum vitae,
a statement of research and teaching interests, and
the names of three professional references ro:
Steven B. Koevary, 'h.D.
Chair, Department of Biomedical Sciences and
Discase
MNew England College of Optometry
424 Beacon Street
Boston, MA 02115
E-mail: hrdepartment@neco.cdn
Positions will remain open untl filled.
The New Empland College of Optonneiry s

Chpprortonty Enployer

ain Bapual

MARKETPLACE

Immunochemical Reagents
% Hapten Reporter Groups and Conjugates

* Wide Selection of Conjugates:
Proteins/Sepharose/Fluors/FICOLL

Eégsuﬁfggg +1.800.GENOME.1
e i www.btilmmuno.com i

EZBiolab www.ezbiolab.com

Custom Peptide10mg 90%: $19.59/aa
AB Production 5785 peptide included

Gene Synthesis $1.20mbp
siRNA 20 nmol PAGE purified: $285

WWWW.SCIeNCecareers. arg




2 R&D Systems

* Discoveries happen every day.

Over 6,000
Antibodies for:

Immuno-
histochemistry

- Flow Cytometry
- ELISA

«Western Blot

- Neutralization

Immuno-
precipitation

Check out our
INEW]

NorthernLights™

Secondary
Antibodies

U.S & Canada

RED Systoms, Inc.

France
RED Systoms Europe

For reseanch use on . Mot for use in Bumans or -ﬂlﬂgl‘lﬂ-!.l ¢ prooedunes except whene noled

Selection expanding weekly—visit www.RnDSystems.com RD




Gene knockdown - it’s never been this easy

ICECTOR

Achieve greater knockdown with sub-nanomolar concentrations of DsiRNA

Our new Dicector ™ product line utilizes Dicer-Substrate (DsiRNA) technology developed in a collaborative
effort with Prof. John Rossi (Beckman Research Institute of the City of Hope)'.

DsiRNA constructs are designed to be processed by Dicer with target-specific end products. Sustained
knockdown has been reqularly achieved using sub-nanomolar to low-nanomolar concentrations®,

Improve your gene knockdown results with any of our superior Dicector™ products:

®  (Custom DsiRNA duplexes

®  Premade controls

&  TrFECTa™ kits - includes three custom DsiRNA duplexes and premade controls for transfection experiments.
IDT guarantees 70% knockdown of target mRMNA from 2 of the 3 duplexes®.

®  Predesigned Genome Library - eight genomes including human, mouse and rat

Knockdown gene expression with Dicector™ products from IDT!
Go o www.idtdna.com/dicector for more information.
Fledessnoes.

3, Wi, 0.+, Dendse, MA. Ao 50 Chang. M5 Chol 5. ang Resal. L (2005 Syrthetic dalthA dicer sutaliates erhmace INAL potensy and eficocy, Nature Dissechnology, 13:223-20C.
2. Fose, 500, Kim. DH., Amarzgulo, M. Heidal LD, Colingwood, MLA., Davis, ME. Mo, L. ord Behils, MLA. (2005) FuncBonal polanty s intreduced by Dicer procesing of short substnte RMAS

Mucielc Acids Pes. 33.4140-8158.
* Hnochdowy guaranised wien >90% rrassfection efficiency and » 50N hrochdown with peaithe control are demensirahd,
fhone products sre rod for vae v Huamaos o NanHuman saimab sand may rof be vued for Human e Velerinary Dlsgnosiic, Prophylactic or Therspeutic pamposes.

A A Innovation and Precision in Nucleic Acid Synthesis

INTEGRATED DNA
TECHNOLOGIES, INC. www.ldtdna.com 800.328.2661 O es
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